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ABSTRACT

This dissertation focuses on the design, synthesis, characterization and application of
matrix free polymer nanocomposites. Reversible addition-fragmentation chain transfer
(RAFT) polymerization was used to synthesize block copolymers and polymer grafted
silica nanoparticles with precise control over architectures.
In the first chapter, thermoplastic elastomer (TPE) grafted nanoparticles were prepared
by grafting block copolymer poly(styrene-block-(n-butyl acrylate)) onto silica
nanoparticles (NPs) (~15nm) via surface initiated RAFT polymerization. The effects of
polymer chain length and graft density on the mechanical properties were investigated
using films made solely from the grafted NPs. The ultimate tensile stress and elastic
modulus increased with the increase of PS chain length. The dispersion of silica NPs and
the microphase separation of block copolymers in the matrix-free polymer nanocomposite
were investigated using small angle X-ray scattering (SAXS), transmission electron
microscopy (TEM), differential scanning calorimetry (DSC) and dynamic mechanical
analysis (DMA). The higher polymer graft density TPEs exhibited better microphase
separation of block copolymers and more uniform silica NP dispersion than lower polymer
graft density TPEs with similar polymer chain length and compositions.
In the following chapter, we investigated the application of matrix-free polymer
nanocomposites in the gas separation area. Polymer membranes have wide applications in
gas separation. Poly(methyl acrylate) (PMA) and poly(methyl methacrylate) (PMMA)
iv

grafted silica NPs were synthesized by surface initiated RAFT polymerization. A versatile
protocol was developed to remove ungrafted PMA from PMA grafted silica NPs from
RAFT polymerization, which was implemented in place of a traditional ultracentrifuge
procedure. The membranes from neat polymer grafted silica NPs exhibited an enhanced
gas permeability over neat polymers, which was related to the increased free volume. The
permeability can also be tuned by the grafted polymer molecular weight, which showed a
“volcano plot” in permeability versus molecular weight. There was no aging effect on the
membranes from polymer grafted NPs in the experimental measurement time line, which
is important for practical applications in designing stable gas separation membranes.
Finally, the synthesis and applications of matrix free polymer grafted silica
nanoplatelets as photonic crystals were investigated. One-dimensional photonic crystals
can be formed by self-assembly of block copolymers, which typically need large molecular
weight polymers. A new strategy for two different photonic crystals was constructed with
different solvent responses and reflecting colors from the films of a single block
copolymer. Initially, films made from poly(3-(triethoxysilyl)propyl methacrylate)-blockpoly(stearyl methacrylate) with moderate molecular weight (PTEPM666-b-PSMA553 film)
were responsive to alcohol with an observed stop band change from 365 nm (dry film) to
458 nm (film in ethanol), displaying a blue color. After conversion of the PTEPM domain
to form SiO2 nanoplatelets, the PSMA553-g-SiO2 nanoplatelet film showed a larger stop
band change from 365 nm (dry film) to 591 nm (film in THF), which reflected a bright
orange color.
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CHAPTER 1
INTRODUCTION

1

1.1 Polymer nanocomposites
Polymer nanocomposites (PNCs) from the blending of inorganic nanoparticle (NP) and
polymer matrix have attracted more and more interests both in academia and industry.1-19
Incorporation of inorganic nanoparticles into the polymer matrix could bring the combined
properties from each. The interface between inorganic nanoparticles and organic polymer
matrix increases the unfavorable enthalpy interaction, which most of time results in an
agglomeration of NPs in the matrix. This deteriorates the properties of the polymer
materials.
Surface modification of NPs by ligands or polymers has been reported to improve the
compatibility of NPs with polymer matrices. However, mere surface modification cannot
guarantee to create a well dispersed NP morphology in the matrix. Polymer grafted
nanoparticles, also known as polymer brushes on nanoparticles, could form different
morphorlogies in a polymer matrix. Kumar et al. reported that polystyrene (PS) grafted
silica nanoparticles self-assembled into isotropic and anisotropic morphologies with well
dispersed, strings, sheets, and agglomeration in a polystyrene matrix.20 The morphology
was tuned by the polymer chain graft density and polymer chain length ratio of grafted and
matrix polymer. An experimental morphology diagram is illustrated in Figure 1.1, which
indicates a high graft density and high grafted to matrix polymer chain length ratio was
necessary for nanoparticles to obtain well dispersed morphology in the polymer
nanocomposite.

2

Figure 1.1 Experimental morphology diagram of polymer grafted nanoparticles in
polymer matrix.20
Practically the randomly well dispersed nanoparticles in polymer matrix was important
to achieve enhanced mechanical and other desired properties.2,5,7,8,10,12,16-18,21 Benicewicz
et al. reported an improved strategy to obtain well dispersed nanoparticles in polymer
matrix with bimodal polymer brushes.22 Bimodal polymer brushes on nanoparticles
contained two populations of grafted polymers: a low graft density long brush and another
high graft density short brush. The long polymer brush can entangle with the polymer
matrix while the dense short brush can screen nanoparticle-nanoparticle core attractions.
The bimodal PS grafted silica nanoparticles showed better NP dispersion and improved
mechanical properties than monomodal PS grafted NPs in a PS matrix.22,23 The bimodal
polymer brushes on nanoparticles are not limited to the same chemical polymer. Mixed
bimodal brushes have been designed and synthesized with different functionalities. 22,24-26
1.2 RAFT polymerization
Reversible addition-fragmentation chain transfer (RAFT) polymerization was firstly
reported by CSIRO researchers in 1998.27 It is a controlled radical polymerization
3

technique and has been widely used for polymer synthesis.28-32 It is difficult to synthesize
polymers with a low dispersity (Ð) of molecular weights in conventional free radical
polymerization due to chain transfer and radical termination. In order to alleviate the chain
transfer and radical termination, it’s crucial to control the concentration of active radicals
at a low level. RAFT polymerization afforded precise control over the molecular weight
with narrow Ð and well-defined architectures. RAFT polymerization is different from
conventional free radical polymerization by using a specially designed chain transfer agent.
Chain transfer agents are typically dithioesters or trithiocarbonates, which have high chain
transfer constants. The mechanism of RAFT polymerization is illustrated in Scheme
1.1.32,33 After initiation, the propagating radical Pn·reacts with the RAFT agent to form
intermediate B, which fragments to form C and a new radical R·. R·reinitiates monomer
to form a new propagating radical Pm·. The main equilibrium is established quickly
between Pm·, Pn·and dormant polymer C. Also the termination step can produce some dead
polymers. After the polymerization is stopped, most polymer chains are dormant C with
thiocarbonylthio end groups, which can be used for the synthesis of block copolymers34
and further modifications.35-38 Different kinds of RAFT agents with R and Z groups were
reported to have good control over the polymerization for different monomer types
(styrenes, (meth)acrylates, (meth)acrylamides, vinyl esters, vinyl amides etc). The end
group could also be reduced to generate a thiol for thiol-ene “click” reactions.39-42 The
polymers synthesized by RAFT always result in a pink or yellow color, which is due to the
color of RAFT agent. This color can be removed by reacting with excess initiator.43,44

4

Scheme 1.1 Mechanism of RAFT polymerization
RAFT polymerization also uses mild polymerization conditions, which is similar to
free radical polymerization. RAFT polymerization has been reported to occur in different
mediums like organic solvents, supercritical carbon dioxide,45 ionic liquids46 and water47.
RAFT polymerization can be applied in solution, bulk48, suspension,49-51 and emulsion52
conditions. RAFT polymerization is sensitive to trace oxygen, so degassing is necessary
for a controlled polymerization. Stevens et al. reported the use of glucose oxidase (GOx)
enzyme to deoxygenate for RAFT polymerization, which showed control over the
polymerization in an open vessel.53 Boyer et al. reported photo-induced electron transferreversible addition-fragmentation chain transfer (PET-RAFT) polymerization with a
photoredox catalyst, which was tolerant to oxygen without the degassing step.54,55
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1.3 Surface modification of nanoparticles by polymers
The surface modification of nanoparticles by polymers can be achieved by grafting to
and grafting from strategies (Figure 1.2).48,56-60 The grafting to approach was accomplished
by either physical absorption or chemical bonding of polymers to the surface. The physical
absorption technique used non-covalent interactions between polymers and the NP surface,
such as electronic interaction, Van der Waals interaction, and hydrogen bonding, which
was susceptible to environmental stimulus (temperature, pH, ion, light, electric filed,
ultrasound etc.). The chemically covalent grafting to approach involved the reaction
between a functional group in the polymer chains and the nanoparticle surface. However,
the grafting to strategy suffered from difficulty to get high graft density of polymer chains
on the surface, which resulted from the steric hindrance of successive polymer chains to
approach the nanoparticle surface. The polymer molecular weight also affected the
modification efficiency, with lower graft densities for high molecular weight polymers.

Figure 1.2 Surface modification by polymer strategies. (a) physisorption; (b) chemical
grafting to; (c) grafting from. 56
6

Grafting from strategy started by attaching initiator or RAFT agent onto the surface,
which was followed by surface initiated polymerization of adding monomers. Anionic,
cationic, ring-opening, and ring-opening metathesis polymerizations have been used for
surface initiated polymerization.48,56-59,61 Recent developments of controlled radical
polymerization techniques (RAFT, atom-transfer radical-polymerization (ATRP), and
nitroxide-mediated radical polymerization (NMP)) enabled new strategies to modify the
surface, which expanded the graft density range compared to the grafting to strategy.37,6271

In addition, the grafting polymer composition and molecular weight can be well

controlled to investigate the structure property relationships.
The nanoparticles widely reported as nanofillers in polymer composites were mainly
silica and metal oxide nanoparticles. Functional organic silanes were used to modify the
silica nanoparticles surface, which formed covalent Si-O-Si bonding with initiator or
RAFT agent for a grafting from approach. A wide range of metal oxide and metal
nanoparticles has been reported for surface modification with different inherent properties
including aluminium oxide, magnesium oxide, zinc oxide, zirconium dioxide, cerium
oxide, titanium dioxide, iron oxide, tin oxide, indium tin oxide, copper oxide, yttrium
oxide, lanthanum oxide, barium titanate, tungsten trioxide, indium oxide, gold, silver, and
quantum dots.56,72,73 The surface modification of metal oxide nanoparticles made use of
reactivity of the –OH groups on the surface by reacting with silanes, phosphonates,
carboxylates, catechols, alkenes and alkynes, amines and others.74 Silanes were often used
to modify metal oxide surfaces. However, this approach was limited by the fact that the
bonding was susceptible to hydrolysis.75 The carboxylates, catechols, and amines bondings
were mainly through non-covalent interactions. The alkenes and alkynes were through
7

photo-induced reactions. The phosphonates approach was mostly used to modify metal
oxide surfaces through chemisorption to form strong covalent P-O-M bonding.76-79
1.4 Surface modification by RAFT polymerization
Surface initiated RAFT (SI-RAFT) polymerization has been widely used to modify
nanoparticles or substrate surfaces with excellent control over the polymerization to obtain
different architectures due to its versatility, simplicity, and being free of metal
contamination.56,57,59 The grafting from approach was mainly used to modify surfaces to
get high graft densities. Initiator, RAFT agent and monomer were involved in the
polymerization process, so initiator or RAFT agent can be anchored onto the surface for
polymerization (Scheme 1.2).

Scheme 1.2 Different approaches for surface initiated RAFT polymerization with grafting
from strategy. (a) Initiator attached; (b) Z-group attached; (c) R-group attached.
The initiator immobilization approach was used to modify surface for different
monomers.80-82 However, it was limited by the thermal stability as well as large amount of
ungrafted free polymers generated from the polymerization. The free polymers can be
8

easily washed away by solvent for large flat surface (silicon wafer, glass) and large size
particles while it was difficult for nanoparticles. For the immobilization of the RAFT agent,
both Z- and R-group approaches were reported. The the Z-group strategy was less
investigated by researchers than R-group strategy.83 In Z-group approach, the RAFT agent
was located near the surface, which limited the propagation of polymer chains due to steric
hindrance of surrounding polymer chains.84 Benicewicz et al. firstly reported the use of a
silane functional RAFT agent to modify silica nanoparticles with the R-group grafting from
approach.84 It showed good control over polymerization of monomers on the silica
nanoparticle surface with high graft density. However, the synthesis of the silane functional
RAFT agent was tedious with low yield. A versatile approach was developed later by
Benicewicz et al. for SI-RAFT polymerization (Scheme 1.3).85

Scheme 1.3 Synthesis procedures for CPDB modified silica nanoparticles.
The silica NPs reacted with aminopropyldimethylethoxysilane to get an aminofunctional surface. The RAFT agent, 4-cyanopentanoic acid dithiobenzoate (CPDB), with
–COOH group was activated by mercaptothiazoline to prepare activated CPDB. The
activated CPDB reacted with amine-functional silica NPs to yield RAFT modified silica
NPs. The graft density was tuned by the relative amount of aminosilane to NPs, which
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ranged from 0.01 to 0.7 chain/nm2. The CPDB anchored silica NPs showed controlled
polymerization with styrene (St) and methyl methacrylate (MMA) monomers. This
versatile approach enabled the researchers to tether different RAFT agents with a –COOH
group and polymerize different monomers.
1.5 Matrix-free polymer nanocomposites
The mechanical properties of polymer materials can be improved by adding inorganic
nanofillers into the polymer matrix to form polymer composites. Often, the Young’s
modulus and yield stress were improved by the fillers relative to neat polymer while the
fracture strain sacrificed.10 The morphology of nanoparticles (well dispersed, strings,
sheets, and aggregations) in the composite, is crucial to the mechanical properties of the
polymer nanocomposite. Kumar et al. reported the mechanical properties of thin glassy PS
films with PS grafted silica nanoparticles. The films with different silica NPs morphologies
showed different mechanical properties with the same silica content loading (Figure 1.3).
86

Figure 1.3 Reinforcement percentage of the (a) elastic modulus, (b) yield stress, and (c)
failure strain of PS-g-SiO2 NPs relative to the pure polymer depending on grafting density
and grafted/ matrix chain length ratio.86
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The elastic modulus, yield stress and fracture strain increased for the nanocomposite
film with well dispersed NPs compared to neat PS. Interestingly, all the fracture strains
increased when the grafted/matrix chain length ratio was larger than 1, which indicated a
more entangled interaction from the grafted PS chains penetrating into the matrix polymer.
The traditional polymer nanocomposites form by mixing polymer matrix with
nanoparticles. As discussed above, the dispersion state of nanoparticles is important to the
nanocomposite properties. In addition, the NPs loading is another parameter we need to
consider for enhancing properties. The chemical modification of the NPs surface by
polymers enabled tunability of morphologies of the NPs in the composite, which was
summarized by Kumar et al. with the experimental ‘morphology diagram’ of polymer
grafted nanoparticles mixed with polymer matrix.20,87 In order to attain a well dispersed
morphology regime, high polymer graft density and high grafted/matrix chain length are
necessary. This resulted in a low content of inorganic nanoparticles in the polymer grafted
NPs, which further limited a high loading of NPs in the polymer nanocomposites.
However, in some cases, high loading of NPs is necessary for good performance, such as
polymer nanocomposites for optical88, conductive, dieletric,77 and magnetic applications
with properties associated to the NPs.
Matrix-free polymer nanocomposites, as the term suggests, are formed solely by
polymer grafted nanoparticles without extra polymer matrix. This architecture has
advantages over traditional inorganic nanofiller/polymer matrix with inherently good NP
dispersion.89 This enabled the high loading of inorganic NP while maintaining good NPs
dispersion. In matrix free polymer nanocomposites, the grafted polymers provide
functionality for the mechanical properties and the inorganic core adds functionality to
11

their intrinsic properties. Vaia et al. investigated the dielectric properties of matrix-free
polystyrene grafted titanium dioxide (TiO2) with inorganic content from 60-80 wt%.77 The
film obtained from solvent casting was optically transparent even at 60-80 wt% TiO2
content, which indicated a good dispersion of NPs in the composite. Li et al. reported
matrix-free bimodal grafted polydimethylsiloxane (PDMS)/zirconium dioxide for LEDs to
enhance light extraction efficiency.88 The bimodal architecture used a dense short polymer
brush to screen core-core attractions while the long brush imparted effective chain
entanglement. Wang et al. reported a matrix-free magnetic thermoplastic elastomer from
poly(n-butyl acrylate-co-methyl methacrylate) grafted Fe3O4 nanoparticles.90 The bulk
film exhibited thermoplastic elastomer properties and the superparamagnetic behavior for
Fe3O4 nanoparticles was illustrated by dispersing the polymer grafted Fe3O4 in DMF
solution.
1.6 Dissertation outline
This dissertation focuses on the design, synthesis, characterization, and application of
the matrix-free polymer nanocomposites with different architectures. Reversible addition
fragmentation chain transfer (RAFT) polymerization was used to construct the various
polymer nanocomposites.
In Chapter 2, a diblock copolymer, poly(styrene-block-(n-butyl acrylate)) (PS-b-PBA),
was covalently tethered onto 15nm silica nanoparticles by surface initiated RAFT
polymerization, which mimicked the polymer structure of traditional ABA triblock
copolymer thermoplastic elastomers (TPEs). The films were prepared by hot pressing of
PS-b-PBA grafted silica NPs, without extra polymer matrix. The effects of polymer chain
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length and graft density on the mechanical properties were investigated. The results
indicated that the ultimate tensile stress and elastic modulus increased with the increase of
PS chain length. The stress, strain at break and elastic modulus were independent of the
silica content. The highest ultimate tensile strength of PS-b-PBA-g-SiO2 (ca. 17 MPa) was
higher than the highest value of TPEs from triblock PS-b-PBA-b-PS (ca. 12 MPa) prepared
by emulsion RAFT polymerization. The dispersion of the silica NPs and the microphase
separation of the block copolymer in the matrix-free polymer nanocomposite were
investigated using SAXS, TEM, DSC and DMA. The higher polymer graft density TPEs
exhibited better microphase separation of the block copolymers and more uniform silica
NP dispersion than lower polymer graft density TPEs with similar polymer chain length
and composition.
In Chapter 3, we focused on another application of matrix-free polymer nanocomposites in
the gas separation area. Many gas separation membranes have been previously synthesized
and investigated. However, most of them were limited by the Robeson upper bound due to
limited ability to tune the polymer free volume. Polymer composites obtained from
traditional blending of silica nanoparticles with polymer matrix showed a decrease in
permeability, which was consistent with traditional composite theories. Thus it was
interesting to investigate the performance of membranes formed solely by polymer grafted
nanoparticles. 2-(Dodecylthiocarbonothioylthio)propanoic acid (DoPAT) RAFT agent was
used for SI-RAFT polymerization to prepare poly(methyl acrylate) (PMA) grafted silica
nanoparticles. A versatile protocol was developed to remove ungrafted PMA from PMA
grafted silica NPs from RAFT polymerization, which was used instead of the traditional
ultracentrifuge procedure. The membranes from neat polymer grafted silica NPs exhibited
13

an enhanced gas permeability of CO2 over neat polymers with a 10-fold increase while
there was a slight decrease of selectivity of CO2/CH4 in PMA grafted silica membranes.
The permeability can also be tuned by the grafted polymer molecular weight, which
showed a “volcano plot” behavior in permeability versus molecular weight. There was no
aging effect on the membranes from polymer grafted NPs in the experimental measurement
time line, which has practical applications in designing stable gas separation membranes.
Finally, Chapter 4 focused on the applications of block copolymers and the in situ
generated matrix free polymer grafted silica nanoplatelets as photonic crystals. A block
copolymer, poly(3-(triethoxysilyl)propyl methacrylate)-block-poly(stearyl methacrylate)
with moderate molecular weight (PTEPM666-b-PSMA553) was synthesized by RAFT
polymerization. The film self-assembled into a lamellar structure and the casted film was
colorless. However, the film was blue after immersion into ethanol with an observed stop
band change from 365 nm (dry film) to 458 nm (film in ethanol). This was due to the
swelling of PTEPM layer in ethanol, which increased the layer thickness to reflect blue
light. After gelation of the PTEPM domain by hydrochloric acid to form SiO2
nanoplatelets, the PSMA553 grafted SiO2 nanoplatelet film showed a larger stop band
change from 365 nm (dry film) to 591 nm (film in THF), which reflected a bright orange
color. This resulted from the swelling of the grafted PSMA in THF. Different molecular
weight block copolymers were investigated to construct different colors of photonic
crystals.
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CHAPTER 2
MATRIX-FREE POLYMER NANOCOMPOSITE THERMOPLASTIC ELASTOMERS*

*

This chapter was adapted from Huang et al., Macromolecules, 2017, 50, 4742.
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2.1 Abstract

Thermoplastic elastomer (TPE) grafted nanoparticles were prepared by grafting block
copolymer poly(styrene-block-(n-butyl acrylate)) onto silica nanoparticles (NPs) via
surface initiated reversible addition-fragmentation chain transfer (RAFT) polymerization.
The effects of polymer chain length and graft density on the mechanical properties were
investigated using films made solely from the grafted NPs. The ultimate tensile stress and
elastic modulus increased with increasing PS chain length. The dispersion of the silica NPs
and the microphase separation of the block copolymer in the matrix-free polymer
nanocomposite were investigated using small angle X-ray scattering (SAXS), transmission
electron microscopy (TEM), differential scanning calorimetry (DSC) and dynamic
mechanical analysis (DMA). The higher polymer graft density TPEs exhibited better
microphase separation of the block copolymers and more uniform silica NP dispersion than
lower polymer graft density TPEs with similar polymer chain length and composition.
2.2 Introduction
Thermoplastic elastomers (TPEs) have broad applications in a variety of fields as
footware, paving, replacement of vulcanized

rubber, adhesives, sealants, coatings,

automotive, medical, etc.1,2 The traditional and widely used TPEs are made from triblock
copolymers such as poly(styrene-block-butadiene-block-styrene) (SBS) and poly(styreneblock-isoprene-block-styrene)

(SIS),

which

are

synthesized

by living

anionic

polymerization.2,3 Traditional ABA type TPEs contain a glassy domain dispersed within a
rubbery domain formed from microphase separation of the block copolymer. Recent
developments in controlled radical polymerization techniques have added additional tools
for the design and synthesis of new architectures of polymer materials.4-8 Jerome et al.
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reported TPEs formed from poly(methyl methacrylate-block-(n-butyl acrylate)-blockmethyl methacrylate) (PMMA-b-PBA-b-PMMA) by atom transfer radical polymerization
(ATRP).9 They also compared the differences in morphology and mechanical properties
with an identical block copolymer prepared by anionic polymerization. Luo et al. prepared
a series of thermoplastic elastomers of poly(styrene-block-(n-butyl acrylate)-blockstyrene) (PS-b-PBA-b-PS) by reversible addition-fragmentation chain transfer (RAFT)
emulsion polymerization.10 In addition to the traditional TPEs formed by ABA triblock
copolymers, new architectures of thermoplastic elastomers have been reported, such as star
block copolymers11-13, comb multigrafted copolymers,14-16 etc. Matyjaszewski et al.
reported a thermoplastic elastomer formed by 10- and 20-arm starlike block copolymers,
poly(n-butyl acrylate-block-methyl methacrylate) (PBA-b-PMMA), from short linear
multifunctional initiators.17 The ultimate tensile strength and the elastic modulus increased
as the number of arms increased. Tang et al. prepared a thermoplastic elastomer by random
copolymer-grafted cellulose with the rigid cellulose backbone dispersed in soft matrix
random copolymer PBA-co-PMMA (0.9-3.4 wt% cellulose).18
Inorganic nanoparticles can be added to polymer matrices as nanofillers to tune the
mechanical properties.19,20 The dispersion of nanoparticles in the matrix was crucially
important to the mechanical properties of polymer nanocomposites.21-26 Polymer grafted
nanoparticles can self-assemble into well-defined structures27-30 and increase the
compatibility of nanoparticles with the polymer matrix.31,32 The dispersion of the
nanoparticles in polymer nanocomposites was mainly dependent on polymer graft density,
and the ratio of molecular weights of grafted polymer and matrix polymer.33-36 Mondragon
et al. reported the use of polystyrene grafted magnetic nanoparticles to improve the

24

dispersion of magnetic nanoparticles in a SBS thermoplastic elastomer matrix.37 Polymer
nanocomposites formed by one-component polymer grafted NPs, which were also referred
to as matrix-free nanocomposites, had advantages over the traditional nanoparticle filled
matrix systems. The matrix-free nanocomposite overcame the demixing issue because the
polymers were chemically tethered to the NPs.38 However, there are very few reports of
thermoplastic

elastomers

formed

by

matrix-free

organic/inorganic

polymer

nanocomposites. Recently Wang et al. reported thermoplastic elastomer composites
formed by PBA-co-PMMA grafted multiwalled carbon nanotubes39,40 and Fe3O4
nanoparticles41 prepared using ATRP. The magnetic polymer nanocomposite exhibited
higher tensile strength and elastic recovery than the counterpart linear copolymers. To the
best of our knowledge, there are no reports of polymer architecture effects (including
polymer grafting density and chain length) on the microphase separation and mechanical
properties of films formed by block copolymer grafted inorganic nanoparticles.
Herein we report on thermoplastic elastomers formed by block copolymer grafted silica
NPs without additional polymer matrix. The block copolymer, poly(styrene-block- (n-butyl
acrylate)) (PS-b-PBA), tethered to 15 nm silica nanoparticles was prepared by RAFT
polymerization using a grafting-from strategy.42-44 In addition to the PS glassy domains
dispersed in the rubbery PBA matrix, the silica nanoparticles also acted as crosslinking
sites in the thermoplastic elastomers formed by PS-b-PBA grafted silica nanoparticles (PSb-PBA-g-SiO2). Three main parameters were used to tune the mechanical properties of the
polymer nanocomposite film: chain length of PBA, chain length of PS, and graft density
of the polymer chains. We investigated the impacts of these parameters on the mechanical
properties of TPEs formed by PS-b-PBA-g-SiO2 (Figure 2.1).
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Figure 2.1 Comparison of block copolymer PS-b-PBA grafted silica nanoparticles with
different chain lengths of PS (A vs B), chain lengths of PBA (A vs C) and chain grafted
densities (A vs D).
2.3 Experimental
Materials.
All chemicals were purchased from Sigma-Aldrich or Fisher unless otherwise
specified. Styrene (>99%) and n-butyl acrylate (>99%) were purified by passing each
through a column of activated basic alumina column to remove the inhibitor. 4-Cyano-4(((dodecylthio)carbonothioyl)thio)pentanoic acid (CDPA, >97%) was purchased from
Boron Molecular. Colloidal silica particles (~15nm diameter, 30 wt% in MEK) were
supplied by Nissan Chemical. 3-Aminopropyldimethylethoxysilane was purchased from
Gelest

Inc.

2-Mercaptothiazoline

(98%)

was

purchased

from

Alfa

Aesar.

Azobisisobutyronitrile (AIBN) was recrystallized from ethanol twice before use.
Characterization.
Polymer Characterization.
1

H NMR (Bruker Avance III-HD 300 MHz and 400 MHz) were conducted using CDCl3

as solvent. Molecular weights (Mn) and dispersities (Ð) were determined using a gel
permeation chromatograph (GPC) equipped with a Varian 290-LC pump, a Varian 390-
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LC refractive index detector, and three Styragel columns( HR1, HR3 and HR4, molecular
weight range of 100-5000, 500-30000, and 5000-500000, respectively). THF was used as
eluent for GPC at 30 ℃ and a flow rate of 1.0 mL/min. GPC was calibrated with
polystryrene (PS) standards obtained from Polymer Laboratories. UV−vis absorption
spectra were recorded on a Shimadzu UV-2450. Thermogravimetric analysis (TGA)
measurements were carried out on a TA Q5000 thermogravimetric analyzer (TA
Instruments). All the samples were preheated to 150°C and kept at this temperature for 10
min to remove residual solvents. After cooling to 40°C, the samples were heated to 800 °C
with a heating rate of 10 °C/min in a nitrogen atmosphere. Differential scanning
calorimetry (DSC) was conducted using a TA Q2000 DSC (TA Instruments) under
nitrogen atmosphere at a heating rate of 10 °C/min from -80 °C to 180 °C. Tensile testing
was conducted using an Instron 5500 tensile tester with a 100 N load cell with a crosshead
speed of 20 mm/min. The dog-bone shaped samples for tensile testing were cut from hot
pressed samples with 22 mm length and 5 mm width. Each sample was tested at least three
times for tensile testing. Dynamic mechanical analysis (DMA) was conducted using a
RSA3 DMA (TA Instruments) in tensile mode. The DMA data were collected by testing
with a frequency of 1.0 Hz, 0.1% strain and a heating rate of 3 °C /min from -100 °C to
150 °C.
Film preparation.
Polymer grafted silica nanocomposites were hot pressed on a Carver hotpress at 150
°C and 1500 psi for 5 min then 3000 psi for 30 min to get films with ca. 0.3 mm thickness.
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X-ray measurement.
Small-angle X-ray scattering (SAXS) experiments were conducted using a SAXSLab
Ganesha instrument at the South Carolina SAXS Collaborative. A Xenocs GeniX3D
microfocus source was used with a Cu target to generate a monochromic beam with a 0.154
nm wavelength. The instrument was calibrated using National Institute of Standard and
Technology (NIST) reference material 640c silicon powder with the peak position at total
scattering angle of 2θ of 28.44˚. A Pilatus 300 K detector (Dectris) was used to collect the
two-dimensional (2D) scattering pattern. The 2D images were azimuthally integrated to
yield the scattering vector and intensity. All SAXS experiments were conducted for 1 hour
with an X-ray flux of 4.1 M photons/s incident up on the sample with a sample-to-detector
distance of 1052 mm.
Electron Microscopy.
Transmission electron microscopy (TEM) was performed on a Hitachi H8000 TEM at
an accelerating voltage of 200 KV. The microsectioned sample for TEM was prepared by
embedding the film in epoxy resin followed by ultramicrotomy with diamond knife at room
temperature to a thickness of ca. 100 nm and transferred to a copper TEM grid.
Surface initiated RAFT polymerization was used to synthesize PS-b-PBA grafted silica
nanoparticles (Scheme 2.1). Briefly, the silica nanoparticles were reacted with 3aminopropyldimethylethoxysilane to obtain a primary amine functionalized surface, which
was further reacted with activated CDPA RAFT agent. The block copolymer grafted silica
nanoparticles were synthesized by sequential polymerization of n-butyl acrylate and
styrene on the surface of silica nanoparticles.
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Scheme 2.1 Synthesis of PS-b-PBA grafted silica nanoparticles.
Activation of RAFT Agent CDPA.
CDPA (4.07 g, 0.01 mol), 2-mercaptothiazoline (1.31 g, 0.011 mol) and 4dimethylaminopyridine (DMAP) (0.122 g, 0.001 mol) were dissolved in 100 ml
dichloromethane. The solution was cooled in ice bath and N, N'-dicyclohexylcarbodiimide
(DCC) (2.48 g, 0.012 mol) was added slowly into the solution. The solution was warmed
to room temperature and stirred for 1 hour. After the precipitate was filtered, the solution
was concentrated and purified by silica gel column chromatography (hexane: ethyl
acetate=3:1) to get activated CDPA (4.32 g, 86%) as yellow solid (MP = 58-59 ˚C). 1H
NMR (300 MHz, CDCl3):δ (ppm) 4.60 (t, 2H, J=7.5 Hz), 3.68-3.49 (m, 2H), 3.34 (t, 2H,
J=7.5 Hz), 2.68-2.44 (m, 2H), 1.90 (s, 3H), 1.71 (quint, 2H, J=7.5 Hz), 1.43-1.27 (m, 18H),
0.89 (t, 3H, J=6.6 Hz);

13

C NMR (75MHz, CDCl3):δ (ppm) 271.1, 201.7, 172.4, 119.2,

56.0, 46.3, 37.1, 34.4, 33.9, 31.9, 29.64, 29.57, 29.44, 29.36, 29.1, 29.0, 28.5, 27.7, 24.9,
22.7, 14.2. HRMS (EI) (m/z) calc for C22H36N2OS5: 504.1439; found: 504.1431.
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Synthesis of CDPA Anchored Silica Nanoparticles.
Colloid silica nanoparticles (50 g, 30% in MEK), 3-aminopropyldimethylethoxysilane
(360 µL) and 50 mL THF were added to 250 mL round bottom flask. After purging with
N2 for 30 min, the solution was heated to 75 °C overnight and then cooled to room
temperature. The solution was poured into 400 mL hexanes and amino-functionalized silica
nanoparticles were recovered by centrifugation at 3000 rpm for 10 min. The dispersionprecipitation process was repeated another two times. The amino-functionalized silica
nanoparticles were dispersed in 50 mL THF and added to the activated CDPA (0.5 g) THF
solution slowly. After stirring overnight, the solution was poured into 200 mL hexanes and
the CDPA functionalized silica nanoparticles were recovered by centrifugation. The
dispersion-precipitation was repeated until the supernatant was colorless after
centrifugation. Finally, the CDPA anchored silica nanoparticles (CDPA-SiO2) were dried
in vacuum at room temperature. The graft density of CDPA on silica nanoparticle was
analyzed by UV-Vis spectra as 55.7 µmol/g (0.24 ch/nm2).
Synthesis of Poly (n-butyl acrylate) (PBA) Grafted Silica Nanoparticles (PBA-g-SiO2).
CDPA-SiO2 (2.0 g, 55.7 µmol/g) was dispersed in 16 mL N, N-dimethylformamide
(DMF) and n-butyl acrylate (BA) (16.3 mL, 0.114 mol). The solution was added to a 50
mL Schlenk flask and sonicated for 1min. AIBN (1.14 mL 0.01M in DMF) was added to
the flask and the solution was degassed by four freeze-pump-thaw cycles, backfilled with
nitrogen, and then placed in an oil bath at 60 °C for 3.25 h. The polymerization was
quenched by placing the flask in an ice bath. The solution was poured into 120 mL
methanol to precipitate the PBA grafted NPs. The PBA-g-SiO2 was recovered by
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centrifugation at 5000 rpm for 10 min and re-dispersed in DMF. The dispersionprecipitation process was repeated another two times. The molecular weight of PBA was
measured by treating 50 mg nanoparticles in 2 mL THF with HF (0.2 mL of a 51% solution
in water) and the resulting cleaved polymer chains were analyzed by GPC. The cleaved
PBA had molecular weight Mn=40100 and dispersity Ð=1.14.
Synthesis of Poly(styrene-block-(n-butyl acrylate)) Grafted Silica Nanoparticles (PSb-PBA-g-SiO2).
PBA-g-SiO2 (0.9 g) was dispersed in 20 mL DMF in a 50 mL Schlenk flask. Styrene
(10 mL) was added to the flask and degassed by four freeze-pump-thaw cycles, backfilled
with nitrogen, and then placed in an oil bath at 100 °C for 3h. The polymerization was
stopped by placing the flask in an ice bath. The solution was poured into 100 mL cold
methanol and PS-b-PBA-g-SiO2 was recovered by centrifugation at 5000 rpm for 10 min.
This was re-dispersed in 25mL THF and the dispersion-precipitation process was repeated
for another two times. The purified PS-b-PBA-g-SiO2 was dried in a vacuum oven for 24
h. The molecular weight for the block copolymer PS-b-PBA was Mn=81500 and dispersity
Ð=1.25.
2.4 Results and Discussion
Synthesis and Characterization of PS-b-PBA-g-SiO2. The RAFT agent CDPA was used
for the polymerization of n-butyl acrylate. Thermal-initiated RAFT polymerization of
styrene was used to synthesize the block copolymer grafted silica nanoparticles. A series
of block copolymer grafted silica nanoparticles with different graft densities and molecular
weights were synthesized by using different ratios of monomer to the CDPA terminated
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PBA-g-SiO2. GPC was used to characterize the molecular weight and dispersity of grafted
polymer chains (Figure 2.2). In addition, 1H NMR was used to characterize the
composition of the block copolymers (Figure 2.3). In the 1H NMR spectra, the chemical
shift (δ) at 7.09-6.36 ppm was from the aromatic protons of polystyrene while the δ at 4.04
ppm originated from C(=O)O-CH2 in PBA. The ratio of repeat units of styrene and n-butyl
acrylate was calculated from the two integrations. TGA was used to characterize the weight
percent of silica in the PS-b-PBA-g-SiO2. Higher molecular weights resulted in lower silica
weight percent with the same graft density. The characteristic data of the block copolymer
grafted silica nanoparticles are listed in Table 2.1.
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Figure 2.2 GPC curves of PS-b-PBA-g-SiO2 with different graft densities.
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Figure 2.3 1H NMR spectra of PBA-g-SiO2 and PS-b-PBA-g-SiO2 with different graft
densities.

Table 2.1 Characterization of PS-b-PBA-g-SiO2.

Samplea

Mn

Ð

Mn

Ð

(PBA)

(PBA)

(PS-b-

DP(S)

PS
SiO2

(PS-b-

(wt%) e

/DP(BA
d

b

b

BA26k-S21k-0.12

26400

BA26k-S43k-0.12

(wt%)
PBA)b

PBA) b )c

1.17

47800

1.21

1.29

47.0

27.1

26400

1.17

69600

1.27

2.15

37.4

39.8

BA26k-S57k-0.12

26400

1.17

83300

1.28

2.58

32.7

45.6

BA26k-S70k-0.12

26400

1.17

96100

1.28

3.83

27.1

55.2

37

BA42k-S37k-0.12

42100

1.18

79400

1.28

2.00

30.5

43.0

BA67k-S12k-0.12

66500

1.20

78200

1.29

0.26

30.9

12.1

BA67k-S17k-0.12

66500

1.20

83900

1.38

0.54

30.1

21.3

BA67k-S26k-0.12

66500

1.20

92000

1.41

0.82

27.0

29.2

BA67k-S32k-0.12

66500

1.20

98300

1.39

1.29

21.5

40.2

BA16k-S5.5k-0.24 15700

1.09

21200

1.09

1.31

53.2

24.1

BA16k-S12k-0.24

15700

1.09

28100

1.15

3.43

40.9

43.5

BA16k-S25k-0.24

15700

1.09

40400

1.14

5.52

35.2

53.0

BA16k-S37k-0.24

15700

1.09

52800

1.19

7.10

28.0

61.4

BA29k-S7.0k-0.24 29100

1.11

36100

1.10

0.52

41.8

17.3

BA29k-S20k-0.24

29100

1.11

49200

1.15

1.43

32.3

36.4

BA29k-S30k-0.24

29100

1.11

59100

1.16

2.01

27.7

44.8

BA29k-S48k-0.24

29100

1.11

77100

1.24

3.46

21.3

58.1

BA40k-S9.0k-0.24 40100

1.14

49100

1.18

0.83

31.5

27.6

BA40k-S26k-0.24

40100

1.14

66500

1.23

1.78

23.7

45.1

BA40k-S39k-0.24

40100

1.14

79300

1.22

2.06

20.6

49.7
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BA40k-S41k-0.24

40100

1.14

81500

1.25

2.19

20.3

51.0

BA40k-S50k-0.24

40100

1.14

90400

1.38

3.38

16.9

60.9

BA41k-S5.8k-0.65 40800

1.11

46600

1.12

0.26

16.6

14.5

BA41k-S19k-0.65

40800

1.11

60300

1.14

0.98

12.8

38.7

BA41k-S22k-0.65

40800

1.11

62500

1.17

1.27

11.9

44.7

BA41k-S40k-0.65

40800

1.11

80300

1.23

2.27

9.4

58.8

BA41k-S50k-0.65

40800

1.11

90800

1.28

3.23

8.9

66.0

BA80k-S4.1k-0.65 79900

1.15

84000

1.24

0.41

8.7

22.8

BA80k-S17k-0.65

79900

1.15

97100

1.36

0.73

8.1

34.2

BA80k-S26k-0.65

79900

1.15

105400

1.33

1.01

7.1

41.9

a

Sample defined as follows: BA represents n-butyl acrylate, S represents styrene. The
number subscripted is the molecular weight of n-butyl acrylate and styrene measured by
GPC; the number after the second dash represents the graft density of polymer chains. Graft
density was calculated based on UV-Vis spectrum. bMolecular weight and dispersity were
measured by GPC. cDP represents degree of polymerization. The ratio of repeat units of
styrene and n-butyl acrylate was measured by 1H NMR of PS-b-PBA-g-SiO2. dThe weight
percent of silica in PS-b-PBA-g-SiO2 was measured by TGA. eThe weight percent of PS
and PBA in PS-b-PBA-g-SiO2 was calculated by TGA and 1H NMR.
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Table 2.2 Tensile test results of PS-b-PBA grafted silica nanoparticles.
Tensile
Sample

Stress

Strain at
Modulus
Break

Yield

Yield

Strength

Strain

(MPa) a

(%)a

a

(MPa)

(MPa)a

(%)

BA26k-S21k-0.12

7.8 ±0.6

232 ±19

10.5 ±0.3

2.5 ±0.1

21.3 ±0.9

BA26k-S43k-0.12

13.9 ±0.6

137 ±8

184.0 ±21.4

7.2 ±0.6

9.5 ±0.6

BA26k-S57k-0.12

15.8 ±0.4

115 ±15

326.0 ±13.5

11.4 ±0.1 5.5 ±0.2

BA26k-S70k-0.12

16.8 ±0.3

63 ±12

567.6 ±26.5

19.5 ±0.1 6.2 ±0.5

BA42k-S37k-0.12

14.0 ±0.2

164 ±3

194.9 ±4.0

6.8 ±0.2

7.1 ±0.1

BA67k-S12k-0.12

2.3 ±0.1

429 ±12

0.6 ±0.04

-b

-

BA67k-S17k-0.12

6.1 ±0.2

485 ±22

1.0 ±0.2

-

-

BA67k-S26k-0.12

6.2 ±0.2

259 ±17

2.5 ±0.1

-

-

BA67k-S32k-0.12

11.1 ±0.2

240 ±5

70.8 ±5.0

3.1 ±0.3

12.6 ±0.4

BA16k-S5.5k-0.24 3.7 ±0.3

134 ±10

27.8 ±3.0

-

-

BA16k-S12k-0.24

12.8 ±0.8

72 ±8

427.1 ±17.6

9.0 ±0.4

4.5 ±0.2

BA16k-S25k-0.24

16.7 ±0.4

64 ±7

509.8 ±16.2

16.4 ±0.4 6.0 ±0.05

BA16k-S37k-0.24

22.3 ±0.6

26 ±4

878.4 ±6.1

27.6 ±0.7 5.4 ±0.1

a
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BA29k-S7.0k-0.24 1.2 ±0.2

189 ±28

0.4 ±0.02

-

BA29k-S20k-0.24

10.4 ±0.6

206 ±10

106.1 ±9.2

3.3 ±0.05 8.1 ±0.6

BA29k-S30k-0.24

13.4 ±0.5

152 ±5

272.2 ±18.0

7.3 ±0.3

BA29k-S48k-0.24

17.2 ±0.5

83 ±22

592.0 ±10.2

19.0 ±0.2 5.1 ±0.05

BA40k-S9.0k-0.24 7.2 ±0.2

317 ±13

2.1 ±0.1

-

-

BA40k-S26k-0.24

13.7 ±0.6

225 ±13

153.4 ±5.3

4.4 ±0.1

6.7 ±0.4

BA40k-S41k-0.24

14.2 ±0.5

148 ±5

366.8 ±10.1

9.4 ±0.2

5.0 ±0.1

BA40k-S50k-0.24

15.4 ±0.2

48 ±13

620.0 ±44.6

16.7 ±0.5 5.7 ±0.3

BA41k-S5.8k-0.65 0.8 ±0.03

290 ±23

0.4 ±0.04

-

-

BA41k-S19k-0.65

8.0 ±0.5

241 ±9

102.2 ±2.7

2.3 ±0.1

5.0 ±0.1

BA41k-S22k-0.65

7.3 ±0.7

177 ±15

207.4 ±3.9

4.3 ±0.2

4.4 ±0.3

BA41k-S40k-0.65

14.3 ±0.4

180 ±5

433.3 ±13.4

12.3 ±0.6 4.2 ±0.2

BA41k-S50k-0.65

14.4 ±0.5

116 ±30

501.4 ±26.9

16.3 ±0.3 5.4 ±0.6

BA80k-S4.1k-0.65 3.7 ±0.02

413 ±14

0.6 ±0.02

-

-

BA80k-S17k-0.65

6.5 ±0.3

326 ±13

13.4 ±3.2

0.4 ±0.1

4.4 ±0.8

BA80k-S26k-0.65

4.1 ±0.1

142 ±10

72.4 ±5.4

1.5 ±0.3

3.8 ±0.6

a

Mean value ±standard error. b No yielding
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-

6.2 ±1.0

Mechanical Properties of Films Formed by PS-b-PBA-g-SiO2.
Films formed by hot pressing samples of PS-b-PBA-g-SiO2 resulted in transparent
matrix-free nanocomposites which were used to characterize the mechanical properties.
The stress-strain curves were obtained on dog-bone specimens cut from the films (Figure
2.4).

Figure 2.4 Dog-bone shaped film for tensile test
The ultimate tensile strength, strain at break, modulus, yield strength and strain are
summarized in Table 2.2. The ultimate tensile stress, strain at break and modulus varied
significantly with changes in graft density and polymer chain length of the PBA and PS.
The Effect of Chain Length on Mechanical Properties. The films formed by hot pressing
of PS-b-PBA-g-SiO2 showed typical properties of thermoplastic elastomers with both
elastomeric and plastic behavior (Figure 2.5A-G). Most of the films with the same graft
density and polymer chain length of PBA showed similar trends in mechanical behavior:
the ultimate tensile stress increased and strain at break decreased as the corresponding PS
chain length increased. Moreover, the elastic modulus increased as the PS chain length
increased, which is consistent with typical TPEs.2,10 These relationships were also
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confirmed by the ultimate tensile stress, strain at break and modulus versus PS content
plots (Figure 2.6). Luo et al. reported the ultimate tensile strength of TPEs of PS-b-PBAb-PS increased linearly with PS content at less than 50 wt% PS with the highest stress about
12 MPa.10 This work introduced the concept of polymers covalently bound to silica NPs,
which act as crosslinking sites. However, there was no clear relationship between the silica
content and the mechanical properties in the nanocomposites, which was illustrated by the
random distribution of points in the ultimate tensile stress vs silica content plot (Figure
2.6). The yield properties of the films were largely determined by the PS content and the
yield strength increased with increasing PS content. All the films with PS content less than
27 wt% did not exhibit yield behavior while the silica content varied from 8.7-53.2 wt%.
The films with low PS content (BA67k-S12k-0.12, BA16k-S5.5k-0.24, BA29k-S7.0k-0.24 and
BA41k-S5.8k-0.65) behaved more like elastomers with low elastic modulus. This is likely
indicative of the structure with few continuous glassy domains dispersed in the soft PBA
matrix. The effect of PBA chain length on the mechanical properties is illustrated in Figure
2.5H by comparing films with similar PS chain length and the same graft density (BA16kS25k-0.24, BA29k-S30k-0.24 and BA40k-S26k-0.24). The elastic modulus and yield strength
decreased while elongation at break increased with increasing PBA chain length. The
highest ultimate tensile stress for the TPEs formed by hot pressing PS-b-PBA-g-SiO2 was
ca. 17 MPa, which was higher than that reported for TPEs from the triblock copolymer PSb-PBA-b-PS (ca. 12 MPa) synthesized by RAFT emulsion polymerization.10
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Figure 2.5 Stress-strain curves of films formed by hot pressing of PS-b-PBA-g-SiO2.
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Figure 2.6 Mechanical properties of film formed by hot pressing PS-b-PBA-g-SiO2 against
PS and silica content. (A) Ultimate tensile stress vs PS content; (B) strain at break vs PS
content; (C) Elastic modulus vs PS content; (D) ultimate tensile stress vs silica content; (E)
strain vs silica content and (F) modulus vs silica content
Effect of Polymer Chain Graft Density on Mechanical Properties. The films formed
from grafted NPs with similar graft molecular weights and composition of the block
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copolymers but differing graft densities (BA42k-S37k-0.12, BA40k-S41k-0.24 and BA41k-S40k0.65) exhibited similar ultimate tensile stress (ca. 14.0 MPa) and strain at break (150-180%
elongation) (Figure 2.7).

Figure 2.7 Stress-strain curves of films with similar chain length and different graft
densities
The elastic modulus increased as the graft density increased, with 194.9 ±4.0, 366.8 ±
10.1 and 433.3 ± 13.4 MPa for 0.12, 0.24 and 0.65 ch/nm2, respectively. Additionally, all
of them showed yielding and the yield strength increased with an increase in graft density.
The yield strength was 6.8 ± 0.2, 9.4 ± 0.2 and 12.3 ± 0.6 MPa for 0.12, 0.24 and 0.65
ch/nm2 with 43.0, 51.0 and 58.8 wt% PS content respectively. This indicated there were
more continuous glassy domains in the high graft density composites than the low graft
density composites.
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DSC of PS-b-PBA-g-SiO2.

Figure 2.8 DSC curves of PS-b-PBA-g-SiO2 with graft density of 0.24 ch/nm2 and neat
PS-b-PBA.

DSC was used to characterize the glass transition temperature (Tg) of PS-b-PBA-gSiO2 with 0.24 ch/nm2 graft density and neat block copolymer PS-b-PBA (Figure 2.8). All
the PS-b-PBA-g-SiO2, except BA40k-S9.0k-0.24, showed two clear glass transition
temperatures at ca. -44 °C and ca. 106 °C for PBA and PS blocks respectively. The lack of
an observable high Tg for PS in the BA40k-S9.0k-0.24 sample was attributed to the low PS
content in the sample.10 The two distinct Tgs indicated microphase separation between PBA
and PS in the PS-b-PBA-g-SiO2 samples. There was a single Tg at -47 °C for PBA grafted
silica sample PBA40k-0.24, which was lower than the Tg of PBA in PBA-b-PS-0.24
samples. The PBA chain in PS-b-PBA-g-SiO2 was restricted by both PS and silica
nanoparticles while PBA in PBA-g-SiO2 was merely restricted by silica nanoparticles. This
resulted in an increase of Tg of PBA in PS-b-PBA-g-SiO2.45 The neat block copolymer,
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PBA48k-b-PS21k also showed microphase separation with Tgs at -45 °C and 103 °C. The Tgs
of polymer grafted silica nanoparticles were slightly higher than the neat block copolymer,
which resulted from lower mobility of polymer chains grafted to silica nanoparticles.45,46
SAXS and TEM Characterization.
The dispersion of inorganic nanoparticles in polymer nanocomposites is crucial to their
mechanical properties.22,33 The dispersion of silica nanoparticles in matrix-free polymer
nanocomposites was characterized by SAXS and TEM of microtomed films formed by PSb-PBA-g-SiO2. We used the sample BA40k-S39k-0.24 as an example to investigate the
dispersion of the silica nanoparticles and microphase separation. The SAXS profile of
BA40k-S39k-0.24 films showed scattering peaks at 0.126 nm-1 and 0.316 nm-1, which
corresponded to domain spacing (d) at 49.9 nm and 19.9 nm respectively (d=2π/q) (Figure
2.9A). No-higher ordered scattering peaks were observed, which suggested the lack of a
highly ordered morphology beyond disordered phase separation. In comparison, the sample
of PBA grafted silica nanoparticle BA40k-0.24, with the same graft density (0.24 ch/nm2)
and molecular weight of PBA, had a scattering peak at 0.290 nm-1 with corresponding dspacing of 21.7 nm. Krishnamoorti et al. reported that thin films formed by PBA grafted
silica nanoparticles with a higher graft density (∼0.8 ch/nm2) showed an ordered liquid
lattice with q1*: q2* =1:√3.47
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Figure 2.9 Characterization of the film formed by PS-b-PBA grafted silica nanoparticles.
(A) SAXS of BA40k-S39k-0.24, BA40k-0.24 and neat block copolymer BA48k-S21k; (B) TEM
image of microtome sectioned film of BA40k-S39k-0.24. The thickness of TEM sample was
ca. 100 nm. The yellow lines in the image were the labels used for the inter-particle
distances analyzed by ImageJ; (C) Histograms of inter-particle distances in TEM image;
(D) Distribution of inter-particle distances. The curve was fitted with Gaussian distribution;
(E) TGA data of BA40k-S39k-0.24 before and after HF etching. Inset is the photograph of
films before and after etching; (F) SAXS profile of BA40k-S39k-0.24 before and after HF
etching.
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The TEM image of a sectioned BA40k-S39k-0.24 bulk film indicated that silica
nanoparticles were randomly dispersed in the matrix-free polymer nanocomposite (Figure
2.9B). The distances of adjacent silica nanoparticles were analyzed by ImageJ (∼500
distances were analyzed). Statistical histograms and distribution of the interparticle
distances were generated from the TEM image (Figure 2.9C-D). The distribution of
interparticle distance showed two peaks at ∼25 nm and ∼55 nm, which were close to the
two d-spacings (19.9 nm and 49.9 nm) obtained from the SAXS profile. This indicated the
inter-particle distances from both TEM and SAXS were consistent with each other.
The DSC measurement of BA40k-S39k-0.24 clearly indicated there was microphase
separation of PBA and PS (Figure 2.8). However, it was difficult to characterize the
microphase separation of the block copolymer in the matrix-free polymer nanocomposite
by SAXS due to the strong electron density contrast between inorganic silica and the
polymers. The strong scattering peaks confirmed the silica nanoparticle dispersion. To
eliminate the silica NP effect on the nanocomposite while maintaining micro-phase
separation behavior of the block copolymer, excess HF was used to etch the silica
component in the PS-b-PBA-g-SiO2 film at room temperature. The film after etching
showed almost no silica component, which was confirmed by TGA. The original BA40kS39k-0.24 film formed by hot pressing was transparent with 20.6 wt% silica. The film after
etching was semitransparent with 0.5 wt% residual (Figure 2.9E). The SAXS data showed
that the two strong scattering peaks disappeared after the silica was etched by HF. This
confirmed that these two strong scattering peaks were derived from phase separation of
SiO2 and polymer. Consequently, two weak broad scattering peaks at 0.140 nm-1 and 0.392
nm-1 were retained after SiO2 etching (Figure 2.9F). This retained intensity resulted from
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the electron density contrast between PBA and the void space in the film (originated from
the pristine silica NP). The SAXS data of the neat block copolymer PBA48k-b-PS21k
exhibited a weak scattering peak at 0.286 nm-1 due to the microphase separation of the
blocks (Figure 2.9A). Thus, the microphase separation of PBA and PS in the
nanocomposite BA40k-S39k-0.24 may also contribute to the retained scattering peak at 0.392
nm-1 after HF etching. The SAXS data of BA41k-S40k-0.65 showed a similar result with
weak scattering peaks at 0.139 nm-1 and 0. 343 nm-1 after HF etching, in comparison with
strong peaks at 0. 132 nm-1 and 0. 245 nm-1 before HF etching (Figure 2.10).

Figure 2.10 SAXS of BA41k-S40k-0.65 before and after HF etching
Effect of Graft Density on the Silica Nanoparticle Dispersion in Matrix-Free
Nanocomposites.
SAXS and TEM measurements of the PS-b-PBA-g-SiO2 films were used to
characterize the dispersion of silica nanoparticles in the matrix-free polymer
nanocomposite. Herein we investigated the graft density effect on the silica nanoparticle
dispersion in BA42k-S37k-0.12, BA40k-S41k-0.24 and BA41k-S40k-0.65, which had similar
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molecular weights of PBA and PS but different polymer graft densities. The SAXS and
TGA data of PS-b-PBA-g-SiO2 are summarized in Table 2.3. The higher polymer graft
density resulted in lower silica weight percent in the polymer nanocomposite. SAXS data
suggested that all the three samples, BA42k-S37k-0.12, BA40k-S41k-0.24, and BA41k-S40k0.65, exhibited two scattering peaks representing a longer and shorter distance, which were
characterized by domain spacing d1 and d2 (d=2π/q). Vaia et al. reported two scattering
peaks in a matrix-free polymer nanocomposite film formed by polystyrene grafted silica
nanoparticles with 0.05 ch/nm2 graft density.38 As the graft density decreased for the PSb-PBA-g-SiO2 NPs, the long interparticle distance increased while the short interparticle
distance decreased. In addition, the scattering peaks became broader as the graft density
decreased, which indicated silica nanoparticles entered into a broader distribution regime.
The difference between d1 and d2, in this scenario, can be used to characterize the
uniformity of distribution of silica nanoparticles. The ∆d= (d1-d2) was 40.0, 29.8, and 22.3
nm for the grafted densities 0.12, 0.24, and 0.65 ch/nm2, respectively. This indicated that
higher graft densities resulted in a more uniform distribution of silica nanoparticles. The
TEM images of sectioned bulk PS-b-PBA-g-SiO2 films showed the silica nanoparticles
were randomly dispersed in the matrix-free polymer nanocomposite (Figure 2.11). The
silica nanoparticles in the lower graft density nanocomposite were more densely packed
than higher graft density samples. This was due to the higher silica content in lower graft
density nanocomposites with 30.5, 20.3, and 9.4 wt% silica at 0.12, 0.24, and 0.65 ch/nm2,
respectively (Table 3). Despite the differences in the samples, the silica nanoparticles in
the BA41k-S40k-0.65 sample, with a high graft density of 0.65 ch/nm2, exhibited a more
uniform distribution than lower graft density 0.12 and 0.24 ch/nm2 samples. DSC and
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SAXS studies showed microphase separation, which resulted in different interparticle
distances (short and long distances). Nonetheless, the dispersion state of the silica
nanoparticles with high graft density was dominated by the steric hindrance of the
concentrated polymer brush (CPB) regimes, which resulted in relatively more uniform
distribution of silica nanoparticles.33,38,48
Table 2.3 SAXS and TGA data of PS-b-PBA grafted silica nanoparticle with different
densities.
Graft density

SiO2

Sample

q1 (nm-1) a

q2 (nm-1)a d1 (nm)b

d2 (nm)b

(ch/nm2)

(wt%)

BA42k-S37k-0.12

0.12

30.5

0.110

0.361

57.4

17.4

BA40k-S41k-0.24

0.24

20.3

0.125

0.308

50.2

20.4

BA41k-S40k-0.65

0.65

9.4

0.133

0.253

47.2

24.9

a

qi represents the ith scattering peak in the SAXS profile; b di=2π/qi.
We also measured the silica dispersion in approximately monolayer films formed by

drop casting PS-b-PBA-g-SiO2 THF solution (~0.1 mg/mL) onto a TEM grid. The TEM
images of these thin films are shown in Figure 2.12. For the low graft density 0.12 ch/nm2,
the distance between silica nanoparticles was 31.1 ±0.5 nm. As the graft density increased
to 0.24 ch/nm2 and 0.65 ch/nm2, the interparticle distance increased to 38.0 ± 0.5 nm and
55.9 ± 0.5 nm respectively as well as a more uniform silica nanoparticle dispersion. The
TEM image of low graft density NPs showed some strings formed in the thin film of BA42k-
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S37k-0.12. Moreover, the TEM image of BA41k-S40k-0.65 exhibited direct visual evidence
of microphase separation of PBA and PS in the polymer nanocomposite (Figure 2.12C).

Figure 2.11 Characterization of bulk film of PS-b-PBA-g-SiO2. (A) SAXS curves;
Sectioned TEM images of (B) BA42k-S37k-0.12; (C) BA40k-S41k-0.24 and (D) BA41k-S40k0.65 film. The films were formed by hot pressing with thickness ~0.3 mm. Scale bar was
200 nm.
The black dots in the TEM image were silica nanoparticles and white corona of silica
nanoparticles was PBA while the grey area was PS. This indicated the PS phase formed a
continuous domain and there were very few entanglements of PBA chains from adjacent
silica nanoparticles.
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Figure 2.12 TEM images, inter-particle distance histograms and distribution of PS-b-PBAg-SiO2 monolayer films with different graft densities. (A) BA42k-S37k-0.12; (B) BA40k-S41k0.24 and (C) BA41k-S40k-0.65. The approximately monolayer films of PS-b-PBA-g-SiO2
were prepared by dissolving in THF with concentration ca. 0.1 mg/mL and then drop
casting onto TEM grids. The histograms were generated by analyzing ~400 distances. The
insets in the histograms showed the measured ligaments of interparticle distances.
Effect of Graft Density on the Microphase Separation of Polymer in the
Nanocomposite.
DSC and DMA analysis were carried out to investigate the effect of graft density on
the microphase separation of PBA and PS in films formed by BA42k-S37k-0.12, BA40k-S41k0.24 and BA41k-S40k-0.65. The DSC curves showed that all the three samples had similar
glass transition temperatures at ca. -44 °C and ca. 106 °C, which were the Tgs for PBA and
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PS, respectively (Figure 2.13A). This indicated that the PBA and PS were microphase
separated in each of the samples. DMA, a more sensitive technique for detecting glass
transitions, was used to more fully characterize the microphase separation (Figure 2.13BD).49

Figure 2.13 DSC and DMA characterization of PS-b-PBA-g-SiO2 films with different
graft densities. (A) DSC curves; (B) storage modulus; (C) loss modulus and (D) tan δ of
DMA.
The storage modulus (E’), loss modulus (E’’) and dissipation factor (tan δ) are
summarized in Table 2.4. In the storage modulus-temperature curves, all three samples
with different graft densities showed a decrease at ~ -49 °C and ~96 °C, consistent with the
Tgs of PBA and PS respectively. However, they had different PBA glass transition regions
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at approximately -49 °C to 50 °C, -48 °C to 24 °C and -51 °C to -19 °C for BA42k-S37k0.12, BA40k-S41k-0.24 and BA41k-S40k-0.65 respectively (Figure 2.13B). This indicated that
the block copolymer with the highest graft density had better microphase separation of
PBA and PS than lower graft densities.50 The rubbery plateau modulus can be related to
the number of crosslinks or polymer chain length between entanglements.49 The film
formed by BA41k-S40k-0.65 had a higher rubbery plateau modulus than BA42k-S37k-0.12 and
BA40k-S41k-0.24. The silica nanoparticles can serve as crosslinking points for PBA in the
PS-b-PBA-g-SiO2. The higher rubbery plateau modulus of higher graft density films may
result from more crosslinks between PBA polymer chains. In the loss modulus vs
temperature curves, all the samples showed two peaks at ~ -40 °C and ~98 °C, which
corresponded to Tgs of PBA and PS. However, the Tg peak of PBA became broader when
the grafted density decreased from 0.65 ch/nm2 to 0.12 ch/nm2. In the tan δ vs temperature
curves, all the samples exhibited two peaks as for the T gs of PBA and PS. They had the
similar Tgs for the PS at ~109 °C. However, they exhibited different Tgs for the PBA. The
0.12 ch/nm2 and 0.24 ch/nm2 samples had similar Tgs at -29.8 °C and -28.4 °C respectively
while 0.65 ch/nm2 sample had Tg at -41.0 °C (Figure 2.14, Table 2.4).
Furthermore, the 0.65 ch/nm2 sample had a narrow peak for PBA Tg with full width at
half maximum (FWHM) 17.1 °C, which was less than 0.12 ch/nm2 (>81 °C) and 0.24
ch/nm2 (43.1 °C). The Tg peaks for PBA became broader when the grafted density
decreased from 0.65 ch/nm2 to 0.12 ch/nm2. All these results indicated a better microphase
separation of block copolymers for higher graft density than lower graft density polymer
nanocomposites.50
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Table 2.4 Tgs and FWHM determined from DMA
Sample

Tg(E’)/ °Ca

Tg(E’’)/ °Cb

Tg(tan δ)/ °Cb

FWHM
(tan δ)/ °Cc

PBA

PS

PBA

PS

PBA

PS

PBA

PS

BA42k-S37k-0.12

-46.6

95.2

-34.7

95.1

-29.8

107.6

-d

15.9

BA40k-S41k-0.24

-47.8

96.0

-36.5

98.7

-28.4

109.1

43.1

12.4

BA41k-S40k-0.65

-48.6

96.3

-43.0

98.0

-41.0

109.3

17.1

12.0

a

Tg from the onset of E’; b Tg from the peaks of E’’ and tan δ; cFWHM meant full width
at half maximum; dThe FWHM for BA42k-S37k-0.12 was too broad to be measured and it
was more than 81.1°C.

Figure 2.14 DMA of PS-b-PBA-g-SiO2 with different graft densities. (A) BA42k-S37k-0.12;
(B) BA40k-S41k-0.24 and (C) BA41k-S40k-0.65 film.
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Figure 2.15 Proposed packing model of low and high graft densities with same polymer
chain length and composition of PS-b-PBA-g-SiO2 nanocomposite.
The proposed model for the graft density effect on the silica dispersion and microphase
separation of PBA and PS in PS-b-PBA-g-SiO2 nanocomposite is illustrated in Figure
2.15. The TEM images and SAXS data revealed high graft density nanocomposites had a
more uniform silica nanoparticle dispersion than low graft density nanocomposites. The
DMA data indicated block copolymers with higher graft density in polymer grafted
nanoparticles had a better microphase separation than lower graft density when the block
copolymers had similar molecular weights and composition. Here the molecular weight of
PBA (~40 kg/mol) was greater than the chain entanglement molecular weight (M e) (~28
kg/mol).51 At low graft density (0.12 ch/nm2), the NPs appeared to exhibit poor phase
separation of the PBA and PS domains, which was confirmed by the DMA studies (Figure
2.13). The morphology of the corona of the high graft density (0.65 ch/nm 2) samples was
mainly in the concentrated polymer brush (CPB) regime with highly extended polymer
chains.38,52 Thus, it was difficult for the adjacent PBA corona's to entangle with each other,
which resulted in a better microphase separation of PBA and PS in high graft density
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samples as compared to the low graft density samples. This was consistent with the data
on particle distribution.
2.5 Conclusion
We prepared a series of thermoplastic elastomers formed by block copolymer grafted
silica nanoparticles PS-b-PBA-g-SiO2 with different chain lengths and graft densities via
surface initiated RAFT polymerization. The effects of polymer chain length and polymer
graft density on the mechanical properties were evaluated. The PS content was crucial to
the ultimate tensile stress and elastic modulus. An increase in PS content resulted in an
increase of ultimate tensile stress and elastic modulus. The longer PBA chain length
resulted in a higher strain at break. The higher polymer graft density TPEs had similar
tensile strain and stress to the lower graft density TPEs with similar block copolymer chain
length. However, the higher graft density TPEs resulted in a higher elastic modulus than
low graft density film. The highest ultimate tensile strength of PS-b-PBA-g-SiO2 (ca. 17
MPa) was higher than the highest value of TPEs from triblock PS-b-PBA-b-PS (ca. 12
MPa) prepared by emulsion RAFT polymerization. DMA, SAXS and TEM data revealed
the higher polymer graft density TPEs had a better microphase separation and more
uniform nanoparticle dispersion than lower graft density TPEs with similar polymer chain
lengths and composition. This versatile strategy to prepare thermoplastic elastomers by
block copolymer grafted nanoparticles broadened the design of new TPEs. The mechanical
properties of traditional TPEs formed by ABA triblock copolymers can only be tuned by
chain length and composition of the block copolymers. In comparison, TPEs formed by
block copolymer grafted nanoparticles introduces a new parameter, polymer chain graft
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density, as a new tool to enhance microphase separation, and hence to tune the mechanical
properties of TPEs.
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CHAPTER 3
POLYMER GRAFTED NANOPARTICLE MEMBRANES FOR GAS SEPARATION
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3.1 Abstract
Polymer membranes have wide applications in gas separation. Here a novel type of
polymer membrane formed only from merely polymer grafted silica nanoparticles (NPs)
was developed to investigate the application in gas separation. Poly(methyl acrylate)
(PMA) and poly(methyl methacrylate) (PMMA) grafted silica NPs were synthesized by
surface

initiated

reversible

addition-fragmentation

chain

transfer

(SI-RAFT)

polymerization. A versatile protocol was developed to remove ungrafted PMA from PMA
grafted silica NP from RAFT polymerization, which was used in place of the traditional
ultracentrifuge procedure. The membranes from neat polymer grafted silica NPs exhibited
an enhanced gas permeability over neat polymers, which was related to the increased
polymer free volume. The permeability can also be tuned by the grafted polymer molecular
weight, which showed a “volcano plot” in permeability versus molecular weight. There
was no aging effect on the membranes from polymer grafted NPs in the experimental
measurement time line, which has practical applications in designing stable gas separation
membranes.
3.2 Introduction
Polymer membranes are commercially available for gas separations, such as removal
of CO2 from natural gas1, H2/CO2 separation in hydrocarbon fuel processing,2 etc. The
performance of the polymer membranes for gas separation are investigated on the
parameters of permeability and selectivity. However, there is a trade-off between gas
permeability and selectivity, which was described as the Robeson upper bound.3-5 The
diffusion model was used to explain the gas transport in membranes.6 The permeability (P)
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of gas in a polymer membrane is related to the diffusivity (D) and solubility (K), which
was expressed as P=KD. The selectivity of a membrane is expressed as αij=Pi/Pj. In order
to obtain a high performance membrane for practical industrial gas separation applications,
the membrane should possess high permeability difference for the gases while maintaining
an appropriate gas permeability for output. Currently, there are a few series of new
membranes which have crossed the upper bound of the Robeson plot, such as polymers of
microporosity (PIMs), thermally rearranged (TR) polymers, and polybenzimidazoles
(PBIs).7-9 Mixed matrix membranes from nanofiller/matrix combinations showed unique
properties in gas separation10-13, such as metal-organic frameworks (MOFs)14-16, graphenebased materials17, silica18, and carbon nanotube.19
A common phenomenon for gas separation membranes was the physical aging effect,
which resulted in a decrease of gas permeability.20,21 This decreased permeability was
explained by the changes in free volume in glassy polymers.22,23 The membranes formed
by polymer grafted nanoparticles and polymer matrix composites showed a suppression of
the aging effect, which originates from the interfacial interaction of well dispersed
nanofillers and polymer matrix.
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Durning et al. reported the effects of diameter and

loading of silica nanoparticles on permeability by n-alkyl acetate in PMA/silica
nanocomposites.25 The permeability of penetrants in the composite decreased with the
loading of silica nanoparticles, which was consistent with traditional composite theory
using Maxwell’s model: Pc=Pb(1-ϕ)/(1+ ϕ/2), where Pc is the permeability of composite,
Pb is the permeability of neat polymer, and ϕ is the volume fraction of nanofiller.12 Freeman
et al. reported a surprising increase of permeability and selectivity from fumed silica
particles and glassy poly(4-methyl-2-pentyne) polymers, which was in contrast to
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Maxwell’s model . This enhancement resulted from the increased free volume in the
composite.
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However, the permeability and selectivity of this kind of polymer/fumed

silica composite was effected by different polymers and fumed silica particles, which had
different dispersions of the fumed silica in the composites with different loadings and
process methods.27,28 Paul et al. investigated the permeability and selectivity of membranes
from a different kind of glassy polymer, poly (ether imide) (ULTEM®), with fumed silica
particles. The fumed silica agglomerated and formed voids in the membrane , which
resulted in an enhanced permeability but decreased selectivity as compared to the neat
polymer.27
The dispersion of nanoparticles in a polymer matrix can be improved by surface
modification of the silica with ligands and polymers, which increases the miscibility of
nanoparticle surface and polymer matrix.

Recently developed controlled radical

polymerization techniques enabled the synthesis of polymer modified nanoparticles.29-32 It
was reported that the silica nanoparticles had different morphologies by adjusting the
grafted

polymer

chain

lengths

and

graft

densities.33,34

Matrix-free

polymer

nanocomposites, which are formed only by polymer grafted NPs, have advantages over
traditional NP/matrix composites since they minimize agglomeration of the NPs.35 This
worked aimed to investigate the gas permeability and selectivity of matrix-free polymer
nanocomposite membranes.
3.3 Experimental
Materials. All chemicals were obtained from either Fisher or Acros and used as received
unless otherwise specified. Spherical silica nanoparticles (14±4 nm diameter) were
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obtained from Nissan Chemical. 3-Aminopropyldimethylethoxysilane was purchased from
Gelest, Inc. and used as received. 2-(Dodecylthiocarbonothioylthio)propanoic acid
(DoPAT) was purchased from Boron Molecular, Inc. 4-Cyanopentanoic acid
dithiobenzoate (CPDB) was purchased from Strem Chemicals. Methyl acrylate (MA, 99%,
Acros) and methyl methacrylate (MMA, 99%, Acros) were purified by filtration through
an activated basic alumina column. Azobisisobutyronitrile (AIBN) was recrystallized from
ethanol twice before use.
Characterization. 1H NMR and 13C NMR (Bruker Avance 300) were conducted using CDCl3 as
solvent. Molecular weights (Mn) and dispersity (Ð) were determined using gel permeation
chromatography (GPC) equipped with a Varian 290-LC pump, a Varian 390-LC refractive index
detector, and three Styragel columns (HR1, HR3 and HR4, molecular weight range of 100-5000,
500-30000, and 5000-500000, respectively). THF was used as eluent for GPC at 30℃ and a flow
rate of 1.0 mL/min. GPC was calibrated with poly (methyl methacrylate) (PMMA) standards
obtained from Polymer Laboratories. Thermogravimetric analysis (TGA) measurements were
carried out on a TA Q5000 thermogravimetric analyzer (TA Instruments). All the samples were
preheated to 150°C and kept at this temperature for 10 min to remove residual solvents. After
cooling to 40°C, the samples were heated to 800 °C with a heating rate of 10 °C/min in a nitrogen
atmosphere. The ultrasonication was performed in a Branson 1510 sonicator. The ultracentrifuge
was carried out in Sorvall Evolution RC superspeed centrifuge SA-300 rotor with 23000 rpm at 410℃ for 30min.

Activation of RAFT agent.
RAFT agent 2-(dodecylthiocarbonothioylthio)propanoic acid (DoPAT) (1.75g,
5mmol) and 2-mercaptothiazoline (0.596 g, 5 mmol) were dissolved in 20mL dry CH2Cl2.
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(Dimethylamino)pyridine (DMAP) (61 mg, 0.50 mmol) was added slowly to the solution.
The solution was stirred for 10min at 0℃ in ice bath in N2 atmosphere.
Dicyclohexylcarbodiimide (DCC) (1.24 g, 6.00 mmol) in 10mL CH2Cl2 was added to the
solution slowly and stirred at room temperature for another 1 hour. After the reaction, the
salt was removed by filtration. The solvent was evaporated by vacuum and followed by
silica gel column chromatography (hexane: ethyl acetate=5:1) to get activated DoPAT as
yellow oil (2.10g, 93% yield). The oil turned into a yellow solid after storing in a freezer
overnight. 1H NMR (300 MHz, CDCl3) 𝛿 (ppm): 6.46 (q, 1H, J =7.1 Hz), 4.62-4.70 (m, 1
H), 4.42-4.52 (m, 1H), 3.38-3.48 (m, 1H), 3.21-3.34 (m, 3H), 1.51-1.75 (m, 5 H), 1.251.42 (m, 18 H), 0.88 (t, 3H, J =7.0 Hz). 13C NMR (75MHz, CDCl3) δ (ppm): 222.80,
201.22, 173.25, 56.41, 48.73, 37.52, 31.93, 29.64, 29.56, 29.45, 29.36, 29.10, 28.97, 28.92,
27.91, 22.71, 16.44, and 14.15. Elemental Analysis: calculated for C19H33NOS5: C, 50.51;
H, 7.36; N, 3.10; S, 35.48; found C, 51.31; H, 7.36; N, 3.20; S, 34.46
Synthesis of DoPAT modified silica NPs.
Silica nanoparticles (50.0g, 30 wt% in MEK solution) were added to a 250mL round
bottom flask with 150 mL THF and 3.0 mL 3-aminopropyldimethylethoxysilane. After
purging with N2 for 30min, the solution was refluxed at 75 °C for 5 hours. The solution
was then cooled to room temperature and precipitated into 500mL hexane. The amine
functional silica nanoparticles were recovered by centrifuge at 5000 rpm for 5 min. The
dispersion-precipitation process were then repeated another two more times. The silica
nanoparticles were then dispersed in 150mL dry THF and added to 1.25g activated DoPAT
THF (3mL) solution in N2 atmosphere. The solution was stirred overnight and precipitated
into a large amount of methanol and re-dispersed in THF. This dispersion-precipitation
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process was repeated until the supernatant solution was colorless. The nanoparticles were
placed in a room temperature vacuum oven to dry. The grafted density of DoPAT-NP was
0.43 chains/nm2 by measuring and calculated from the UV-Vis spectrum.
RAFT polymerization of MA on DoPAT modified Silica NP.
DoPAT-NP (1.0 g, graft density=0.47 chains/nm2) was dispersed in 21 mL anhydrous
DMF and 12.0 mL methyl acrylate (0.133 mol). The stock solution of AIBN in DMF (1.11
mL, 0.01 mol/L), was added to the solution, and finally the mixture was transferred into a
dried Schlenk flask. The mixture was degassed by four freeze- pump- thaw cycles,
backfilled with nitrogen, and then placed in an oil bath at 60 °C. The polymerization
solution was quenched in ice water after 1.67 hours. THF (40mL) was added to the flask
and the solution was poured into hexanes (200mL) to precipitate PMA grafted silica
nanoparticles. The PMA grafted silica nanoparticles were recovered by centrifuge at 4000
rpm for 10 min. The PMA grafted silica nanoparticles were redispersed in 100mL THF and
precipitated in 200ml methanol. This dispersion-precipitation process was repeated for
another four times. The cleavage of RAFT agent was achieved by reacting with 20eq AIBN
in THF at 65°C for 2 h.36,37 The molecular weight (Mn) and dispersity (Ð) were measured
by GPC. The sample was prepared by treating 50mg polymer grafted silica in 5mL THF
and 200µL HF solution overnight at room temperature. The solvent was evaporated in a
Teflon petri dish for 24h and the residual was dissolved in THF for GPC analysis.
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Synthesis of neat PMMA and PMMA grafted silica NPs.
The RAFT polymerization of MMA followed a similar procedure as previously
reported.38 CPDB RAFT agent was used for the polymerization. The PMMA-g-SiO2 was
purified by ultracentrifuge to remove ungrafted PMMA.

3.4 Results and Discussions
3.4.1 RAFT Polymerization of methyl acrylate (MA) by 4-cyanopentanoic acid
dithiobenzoate (CPDB).
It was reported that 4-cyanopentanoic acid dithiobenzoate (CPDB) was used as the
RAFT agent to synthesize poly(n-butyl acrylate), polystyrene, and poly(methyl
methacrylate) grafted nanoparticles with narrow polydispersity.38 A similar synthesis route
was firstly designed to synthesize PMA grafted nanoparticles (Scheme 3.1).

Scheme 3.1 Polymerization of methyl acrylate on silica nanoparticles by CPDB

73

The ratio of RAFT agent to initiator was set to 1:0.1-0.2 to obtain a narrow polymer
molecular dispersity (Ð). The kinetic study of RAFT polymerization of methyl acrylate
(MA) by CPDB is shown in Figure 3.1. It showed a linear fit of ln (M0/Mt) (where M0 is
the initial concentration of monomer and Mt is concentration of monomer at t hour) vs
polymerization time, which indicated a pseudo-first-order rate polymerization (a constant
concentration of radicals in the solution). This is the characteristic of a controlled radical
polymerization. However, the molecular weight measured by GPC was not in agreement
with the theoretical calculation from monomer conversion after the monomer conversion
was more than 0.05 (Figure 3.1b). Meanwhile, the dispersity (Ð) was more than 1.4 after
conversion was more than 0.15. This suggested the polymerization of PMA was not well
controlled by using CPDB as RAFT agent. The kinetic study of RAFT polymerization of
methyl acrylate on silica nanoparticles also indicated a poor controlled polymerization by
CPDB, which was similar to the free PMA polymerization (Figure 3.2).
Although the RAFT polymerization of methyl acrylate yielded narrow dispersity at
very low conversion (<0.05), it was very difficult to synthesize the desired free PMA and
PMA grafted nanoparticles with predictable Mn and narrow Ð.
In 2006, Patton et al. reported a versatile RAFT polymerization to synthesize polymers
with α-functionalized norbornenyl, vinyl, and cinnamyl macromonomers using CPDB
derivatives.39 The CPDB derivatives showed a good control of polymerization of MA when
the monomer conversion was less than 0.23 (Ð<1.2) with [MA]: [CPDB-derivatives]:
[AIBN]= 500:1:0.48 at 65℃.
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Figure 3.1 Free poly (methyl acrylate) by RAFT polymerization with CPDB. a) Kinetic
plots of polymethyl acrylate; b) dependence of molecular weight and polydispersity on
conversion of RAFT polymerization by CPDB. Dash line in (b) is the theoretical molecular
weight. [MA]= 6.25M in anhydrous THF, [CPDB]=1.25 mM, [AIBN]=0.125 mM, [MA]:
[CPDB]: [AIBN]=5000: 1: 0.1, 60℃

Figure 3.2 Poly(methyl acrylate) by RAFT polymerization with CPDB on silica
nanoparticles (density= 0.097 chain/nm2). a) Kinetic plots of polymethyl acrylate; b)
dependence of molecular weight and polydispersity on conversion of RAFT
polymerization by CPDB. Dash line in (b) is the theoretical molecular weight. [MA]=
4.08M in anhydrous THF, [CPDB]=0.51 mM, [AIBN]=0.051 mM, [MA]: [CPDB]:
[AIBN]=8000: 1: 0.1, 60℃
In subsequent experiments, the ratio of AIBN/CPDB was increased to 0.5:1 for the
RAFT polymerization of methyl acrylate. Both the Mn and Ð were well controlled when
the conversion was less than 0.19, which was consistent with the literature (Figure 3.3).
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Figure 3.3 Free poly(methyl acrylate) by RAFT polymerization with CPDB. a) Kinetic
plots of polymethyl acrylate; b) dependence of molecular weight and polydispersity on
conversion of RAFT polymerization by CPDB. Dash line in (b) is the theoretical molecular
weight. [MA]= 8.82M in anhydrous THF, [CPDB]=3.5 mM, [AIBN]=1.75 mM, [MA]:
[CPDB]: [AIBN]=2500: 1: 0.5, 60℃

Table 3.1 shows the results for the RAFT polymerizaon for [CPDB]: [AIBN]= 1:0.5
and different [MA]/ [CPDB] ratios. PMA polymers with narrow dispersity and different
molecular weights were synthesized by using the ratio [CPDB]: [AIBN]=1:0.5. A higher
ratio of AIBN/CPDB (0.8:1) resulted in a broader Ð (Entry 7). Also the low ratio of AIBN
to CPDB (0.1: 1) resulted in a broader Ð polymer (Entry 8).
However, the RAFT polymerization of methyl acrylate on silica nanoparticles showed
poor control when the ratio [CPDB]:[AIBN]=1:0.5 was applied for the polymerization.
After polymerization for 1-2 hours, the pink color disappeared in the solution. This
indicated the RAFT agent CPDB was deactivated during the polymerization.
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Table 3.1 RAFT polymerization of methyl acrylate by CPDB
Time

[MA]

[MA]: [CPDB]:

Entry

3.4.2

Mn (GPC)

Ð

(h)

(mol/L)

[AIBN]

1

4.0

5.3

500:1:0.5

5100

1.10

2

4.0

7.1

1000:1:0.5

16200

1.10

3

4.0

8.7

2000:1:0.5

28900

1.14

4

5.0

9.1

2500:1:0.5

57200

1.20

5

4.0

10.0

5000:1:0.5

101800

1.23

6

4.0

10.3

7500:1:0.5

142500

1.15

7

5.0

8.2

2500:1:0.8

54700

1.40

8

5.0

6.5

5000:1:0.1

38200

1.40

RAFT

polymerization

of

methyl

acrylate

by

2-

(dodecylthiocarbonothioylthio)propanoic acid (DoPAT)
In order to synthesize PMA grafted silica nanoparticles by RAFT polymerization using
similar strategy as CPDB, the RAFT agent should have a carboxylic acid end group for
easily grafting to silica nanoparticles. 2-(Dodecylthiocarbonothioylthio)propanoic acid
(DoPAT) is a trithiocarbonate RAFT agent which was reported to exhibit good control of
the emulsion polymerization of methyl acrylate.40 Initial results of RAFT polymerization
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of methyl acrylate by DoPAT showed narrow dispersity when applied in bulk
polymerization ([MA]: [DoPAT]: [AIBN]=1000:1:0.1, 60℃, 5h, Mn=24500, Ð=1.11).
Thus, DoPAT was evaluated as RAFT agent for the synthesis of PMA grafted silica
nanoparticles (Scheme 3.2).

Scheme 3.2 RAFT polymerization of methyl acrylate on silica nanoparticles by DoPAT
The DoPAT-NPs with a chain density of 0.11 chain/nm2 was synthesized. The ratio of
[DoPAT]: [AIBN] was set to 1:0.1 in order to minimize the free polymers derived from
initiator AIBN as well as eliminate the surface radical migration effect.38 The general
procedure for polymerization of methyl acrylate on particles was as follows: (1) dispersed
the DoPAT-NPs with THF in a Schlenk tube; (2) added MA and AIBN (10mM in THF) to
the Schlenk tube; (3) degased the solution by three freeze-pump-thaw cycles; (4) placed
the tube into a 60℃ oil bath for polymerization. However, the polymerization of methyl
acrylate on silica nanoparticles resulted in poor control over the dispersity in THF. The
results were shown in Table 3.2.
The RAFT polymerization of methyl acrylate by DoPAT showed narrower Ð when the
concentration of MA in THF increased. This indicated the broad Ð of PMA may result
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from the solvent effect of THF. The PMA was synthesized with a very narrow Ð (1.06) in
bulk polymerization of methyl acrylate. THF was good solvent to disperse RAFT-g-SiO2.
However, the RAFT polymerization of MA on silica nanoparticles in THF showed a broad
dispersity of molecular weights. Thus, minimal amounts of THF solvent were used for the
RAFT polymerization of methyl acrylate grafted silica nanoparticles (AIBN was dissolved
in THF).
Table 3.2 RAFT polymerization of methyl acrylate by DoPAT
[MA]:

Concentration
Mn

Polymers

[DoPAT]:

of MA in

Time/ h

Ð
(GPC)

[AIBN]

THF/ wt %

1000:1:0.1

30

4

13700

1.61

Free PMA by

1000:1:0.1

50

4

20100

1.55

DoPAT

1000:1:0.1

90

4

24500

1.11

1000:1:0.1

100

5

60600

1.06

1500:1:0.1

50

4

18300

1.54

5000:1:0.1

50

6.5

37500

1.59

1500:1:0.2

30

3.5

21300

1.49

DoPAT-NPs
(Density=0.11)
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Table 3.3 Polymerization of methyl acrylate on DoPAT-NPs
[MA]:

Concentration
Mn

PMA on NPs

[DoPAT]:

of MA in THF/

Time/ h

Ð
(GPC)

[AIBN]

wt %a

3000:1:0.1

96

4

No Polymer

3000:1:0.1

96

5

No Polymer

3000:1:0.1

96

9.5b

95100

1.26

450:1:0.1

81

2.5b

22900

1.18

DoPAT-SiO2

1500:1:0.1

93

4.5b

58900

1.21

(Density=0.11)

2400:1:0.1

96

4.5b

103200

1.17

3000:1:0.1

96

10.5b

158300

1.18

DoPAT-SiO2
(Density=0.14)

a

: No additional THF was added. AIBN was prepared in THF solution. b: At this time, the
solution was “gelled” like and the polymerization was quenched at this time.
The DoPAT-g-SiO2 was dispersed into methyl acrylate monomer with sonication. The
results were shown in Table 3.3. The polymerization of methyl acrylate on DoPAT-SiO2
showed an inhibition phenomenon. For the chain density 0.14 chain/nm2 (32.5 μmol/g)
DoPAT-SiO2, there was an inhibition time for about 5h when [MA]: [DoPAT]: [AIBN]
was set to 3000:1:0.1. However, the polymerization formed a gel-like state, which
unexpectedly showed a narrow Ð. Inspired by this, several different ratios of [MA]:
[DoPAT-SiO2] were evaluated for the synthesis of specific molecular weights of PMA
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grafted nanoparticles. This strategy worked well for the polymerization with low Ð (Table
3.3).
3.4.3 RAFT polymerization of methyl acrylate in DMF.
As discussed before, the bulk SI-RAFT polymerization of MA worked well with
controlled Mn and dispersity. However, the bulk RAFT polymerization (without solvents)
of MA often resulted in a very viscous gel, which was difficult to remove from the flask
and disperse into solvent (Figure 3.4).

Figure 3.4 Photograph of SI-RAFT bulk polymerization of MA
The DoPAT-SiO2 can also disperse in DMF well. DMF was used as the solvent for the
polymerization of MA by DoPAT. The polymerization conditions were: [MA]: [DoPAT]:
[AIBN]=1000:1:0.1, [MA]=5.6 mol/L in DMF, 60℃. The results showed the RAFT
polymerization of methyl acrylate in DMF could achieve a narrow Ð even at 90% monomer
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conversion (Table 3.4). Similarly, the RAFT polymerization of MA by DoPAT in DMF
showed an inhibition time about 4h.
Table 3.4 RAFT polymerization of MA with DoPAT in DMF
Time/ h

Monomer conversion

Mn (Theory)

Mn (GPC)

Ð

2

0

-

-

-

4

0

-

-

-

6

0.467

40500

38400

1.17

7

0.628

54400

53300

1.17

8

0.730

63100

55300

1.15

12

0.901

77800

82000

1.13

Figure 3.5 a) The kinetic study of different ratios of MA/DoPAT/AIBN with [MA]= 5.6M;
b) GPC trace of RAFT polymerization of MA at [MA]:[DoPAT]:[AIBN] = 1000:1:0.1 in
DMF
The rate of RAFT polymerization ideally should not be affected by the RAFT agent
since the radicals are neither destroyed nor generated during the RAFT equilibrium.41
However, there are many reports related to inhibition/retardation in RAFT
82

polymerization.42 The inhibition may come from poor choice of R group, impurities in the
RAFT agent and the presence of air/oxygen. Also the slow fragmentation of the
intermediate, or the slow re-initiation by R·may result in inhibition.43 Perrier et al.
investigated the origin of inhibition effects in RAFT polymerization of methyl acrylate by
different dithioesters44, and suggested the inhibition may come from the slow
fragmentation of the intermediate. However, the origin of inhibition of RAFT
polymerization was still unclear.43 The RAFT polymerization of methyl acrylate by
DoPAT showed a 4h inhibition time when [MA]: [DoPAT]:[AIBN]=1000:1:0.1 with
[MA]=5.6 mol/L in DMF (Figure 3.5a). The GPC trace indicated there was no polymer at
4 h (Figure 3.5b). Also the 1H NMR confirmed the lack of polymerization (no PMA
protons at δ=1.48-2.37 ppm) at 4 hour. When the [AIBN]/[DoPAT] ratio was increased to
0.33, the inhibition time was shortened to about 2.5h. The higher concentration of initiator
may contribute to a faster propagation rate. The higher concentration of RAFT agent also
resulted in a longer inhibition time, which was consistent with the literature. 42
3.4.4 Separation of un-grafted PMA from PMA grafted silica nanoparticles.
Surface initiated controlled radical polymerization also generated some un-grafted free
polymers. Our group reported there was 5.2 wt% un-grafted PMMA with 12% monomer
conversion in RAFT polymerization of MMA from CPDB grafted SiO2. The ratio of ungrafted PMMA increased into 13.4 wt% with 22% monomer conversion. The un-grafted
PMMA polymer might come from radical polymerization by initiator AIBN.38
Matyjaszewski et al. reported surface-initiated atom transfer radical polymerization (SIATRP) generated un-grafted PS from thermal self-initiated polymerization.45,46 The
ultracentrifuge was typically used to separate the un-grafted polymer from polymer grafted
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nanoparticles. The separation was based on the different densities between silica core
(~2.07 g/cm3) and polymers (0.9-1.4 g/cm3). A good solvent was used to disperse the
grafted and un-grafted polymers and ultracentrifuge with high speed (40,000 rpm) for 30
min. The sediment was collected and redispered in good solvent to re-run the
unltracentrifuge another 3 times for a good separation.45,47 This procedure suffered from
low efficiency as well as low recovery yield, which resulted from a fraction of polymer
grafted silica nanoparticles still dispersed in the good solvent.
In order to investigate the permeability of gas in “pure” PMA grafted silica
nanoparticles (without any ungrafted PMA) with different graft densities and molecular
weights, an effective and high recovery yield process was needed. It would be efficient if
there was a combination of solvents, which can dissolve free PMA while precipitate PMA
grafted silica nanoparticles. This would facilitate the separation by using normal speed
centrifuge in a short time. THF is a good solvent for PMA while hexane and methanol are
not. Firstly, the THF and hexane combination was investigated as shown in Figure 3.6.
Neat PMA (51KDa) was dissolved in 10mL THF at 10mg/mL. The PMA THF solution
was still clear after adding 3mL hexane. The solution became opaque after 5mL hexane
was added. The free PMA started to precipitate quickly after 12mL hexane was added. This
indicated the THF/Hexane combination was not suitable for the design.
Secondly, THF and methanol solvents were used, which is shown in Figure 3.7. The
PMA was dissolved in 10mL THF at 10 mg/mL. The solution was still clear even after
25mL methanol was added. The solution became opaque after 35mL methanol was added.
This suggested the PMA was soluble in the solvent mixture with less than 71 vol% MeOH
(THF: MeOH = 1: 2.5).
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Figure 3.6 Photographs of free PMA (51kDa) in THF/Hexane mixture

Figure 3.7 Photographs of free PMA (Mn=51000) in THF/MeOH mixture

Figure 3.8 Photographs of PMA grafted SiO2 with free PMA in THF/MeOH mixture
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Finally, two PMA grafted silica nanoparticles (Mn=52200 (right tube) and 66300 (left
tube), graft density=0.43 ch/nm2), which were prepared by SI-RAFT polymerization, were
worked up in the THF/methanol mixture (Figure 3.8). The PMA grafted silica
nanoparticles, which contained free PMA polymer from SI-RAFT polymerization, were
dispersed in 10mL THF at 10mg/mL each. After 10mL methanol was added, the solution
became slightly opaque. The solution turned opaque after 15mL methanol was added and
the precipitation settled down to the bottom (Figure 3.8D). This indicated only the PMA
grafted SiO2 precipitated while the ungrafted PMA was still dissolved in the solvent with
THF: MeOH=1:1.5 mixture.
A new protocol to remove ungrafted PMA from PMA grafted silica nanoparticles was
developed as follows: PMA grafted SiO2 from SI-RAFT polymerization was dispersed in
THF with concentration 10-25 g/mL in 50mL centrifuge tubes. Methanol (1.5-2eq volume
of THF) was added into the solution. The PMA-grafted silica nanoparticles were recovered
by centrifuge at 3000-6000 rpm for 5min. The nanoparticles were redispersed in THF and
precipitated in methanol. This dispersion-precipitation process was repeated for another
four times.
TGA was used to characterize the removal efficiency of ungrafted PMA from PMA
grafted silica nanoparticle (Figure 3.9). The sample was also purified by using
ultracentrifuge (23000 rpm at 4-10℃ for 60min, 4 cycles) for comparison. TGA showed
PMA grafted silica nanoparticles (Mn=81000, Ð=1.23, 0.47 ch/nm2) had 7.71 wt% silica
content after polymerization, which contained both ungrafted and grafted PMA. The silica
content increased into 13.02 wt% after ultracentrifuge purification, which resulted from the
removal of ungrafted PMA. The silica content increased into 13.30 wt% after being treated
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with THF/MeOH by the developed procedure, which showed the same efficiency as the
ultracentrifuge procedure. The combination of THF/Hexane can partially remove ungrafted
PMA as the silica content increased to 10.74 wt% (Figure 3.9A). After removal of
ungrafted PMA, the GPC result showed the grafted PMA with Mn=92900, Ð=1.16 while
before purification with Mn=81000, Ð=1.23. Another PMA grafted silica nanoparticle
(Mn=132100, 0.43 ch/nm2) also showed the same efficiency in removing ungrafted PMA
by THF/MeOH as ultracentrifuge (Figure 3.9B).

Figure 3.9 TGA of PMA grafted silica nanoparticle with different purification procedures.
The percentages indicated the SiO2 content of the different samples and procedures.

Ultrasonication effect on PMA grafted silica nanoparticle.
Ultrasonication is widely used in lab for dissolving chemicals and dispersion of
nanoparticles in solvents. However, ultrasonication can cause polymer chain scission due
to the mechanical force called cavitation.48 It was reported the molecular weight of
polystyrene changed from 282,000 to 252,000 Da and from 92,000 to 90,000 Da after
sonication for 2min.49 Moore et al. reported sonication can mechanochemically activate the
heterointerface

with

maleimide-anthracene
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cycloadduct

PMA

grafted

silica

nanoparticles.47 We prepared PMA grafted silica nanoparticles by SI-RAFT
polymerization with polymer chains covalently attached onto the silica surface with Si-OSi bonding. It was necessary to investigate the ultrasonication effect on PMA grafted silica
nanoparticles for proper processing.
The PMA grafted silica nanoparticles were purified by the newly developed
THF/MeOH procedure, which had a Mn=92900, Ð=1.16, and graft density=0.47
chain/nm2. After dispersion in THF with 10mg/mL, the solution was separated into 3 vials.
Two of them were treated with sonication for 5min and 30min. The samples were repurified
by THF/MeOH method to remove any cleaved ungrafted PMA. After treatment with HF,
the grafted PMA after sonication was analyzed by GPC. TGA and GPC were used to
characterize the polymers and grafted Nps(Figure 3.10). The TGA showed there was
almost no change of silica content after sonication for 5min with silica content changing
from 13.02 wt% to 13.24 wt%. However, the silica content increased from 13.02 wt% to
14.64 wt% after sonication for 30min, which indicated PMA chains were partially cleaved
from the silica surface. GPC was used to investigate the chain cleavage mechanism. It
showed there was no difference in molecular weight and dispersity of grafted PMA after
sonication for 5min and 30min (Figure 3.10B). The TGA and GPC data indicated that
30min sonication can cleave PMA chains from the silica surface in PMA grafted silica
nanoparticles with 0.47 chain/nm2. It also illustrated there was almost no change in PMA
grafted silica nanoparticles after sonication for 5min. Thus, we can use sonication for a
short time (less than 5min) to treat PMA grafted silica nanoparticles for dispersion in
solvents or processing.
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Figure 3.10 TGA and GPC analysis of PMA-g-SiO2 for sonication effect
3.4.5 Gas separation testing.
PMA-g-SiO2, PMMA-g-SiO2 samples and neat PMA, PMMA polymers used for gas
separation testing are listed in Table 3.5.
The tests were performed by our collaborators at Columbia University. The transport
properties were measured by steady-state permeability tests and s nonsteady-state quartz
crystal microbalance (QCM) technique.50 Figure 3.11 showed the performance of polymer
grafted silica nanoparticle membranes comparing permeability of CO2 and CH4 in Robeson
plots. The plots suggested that all the membranes from polymer grafted silica nanoparticles
had a higher permeability than neat polymers in CO2/CH4. This was contrast to the
conventional composite theory that mixtures of bare silica nanoparticles and PMA polymer
exhibited a decrease of permeability.25 Furthermore, the membrane with highest
permeability (92kDa) had very little decrease in selectivity of CO2/CH4, indicating that the
permeability can be tuned by tethering different polymer chain lengths to the NPs while
keeping a comparable selectivity. The permeability of CO2 over CH4 in 92kDa membrane
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increased by over 800% while the selectivity deceased by about 35%. The PMMA-g-SiO2
showed a similar trend in the Robeson Plot (Figure 3.11B). The membranes generated
from polymer grafted silica nanoparticles showed a nearly horizontal right shift in the
Robenson Plot by adjusting the molecular weights with the best membrane in PMMA-gSiO2 nearly reaching the 1991 upper bound.
Table 3.5 The list of neat and grafted polymers
PMA

PMMA

Graft density

Graft density
Mn

Ð

(chain/nm2)

0.43

Neat PMA

Mn

Ð

(chain/nm2)
26,900

1.14

25,300

1.07

38,100

1.11

62,400

1.08

62,000

1.13

69,200

1.10

77,100

1.15

78,200

1.13

92,100

1.13

90,400

1.13

132,100

1.18

113,600

1.17

25,600

1.07

24,100

1.13

46,100

1.11

60,400

1.08

65,000

1.14

111,600

1.14

77,600

1.12

96,500

1.16

135,000

1.20

0.44

Neat PMMA
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Figure 3.11 Performance of polymer-grafted NP membranes (Graft density = 0.43
chains/nm2). Robeson plots comparing the permeabilities of CO2 and CH4 in (A) PMAand (B) PMMA-grafted NP composites for various brush Mn.

Figure 3.12 a) Increases in measured gas permeability relative to that of neat PMA (for
grafted systems. Neat PMA is presented as a dashed line at Pϕ/Pb = 1. B) Measured free
volume element size from PALS experiments as a function of the composite brush Mn. (ϕ
represented the PMA-g-SiO2 composite, b represented neat PMA)

The enhancement of the permeability of polymer grafted silica nanoparticles was
dependent on the grafted polymer chain length. In Figure 3.12A, the ratio of permeability
of PMA-g-SiO2 (Pϕ) over neat PMA (Pb) are higher than 1 at graft density of 0.43
chain/nm2 for CO2, CH4, and n-C4H10, which indicated an increase of permeability of
grafted systems. In addition, it showed a “volcano plot” dependence of permeability of
grafted over neat PMA. The permeability of PMA-g-SiO2 over neat PMA increased as the
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molecular weights increased, with the maximum permeability at an intermediate Mn of
92kDa for PMA-g-SiO2. The Pϕ/Pb started to decrease as the molecular weight increased
higher than 92 kDa. However, the Pϕ/Pb is still higher than 1, which indicated a higher
permeability than neat PMA. Positron annihilation lifetime spectroscopy (PALS) can be
used to measure the free volume of materials.

26

The free volume of PMA-g-SiO2

nanocomposite membrane showed a similar volcano plot (Figure 3.12B), which suggested
the enhanced permeability of PMA-g-SiO2 was related to the free volume.

Figure 3.13 TEM and SANS characterization of PMA-g-SiO2 with different molecular
weights at 0.43 chain/nm2. Scale bars on the large images were 0.2𝜇𝑚, and inset images
were 100nm.
Transmission electron microscopy (TEM) was used to characterize the microstructure
of the PMA-g-SiO2 (Figure 3.13). The samples were prepared by drop casting the THF
solution onto TEM grids. The TEM images showed that there were no agglomerations of
silica nanoparticles in the films, which resulted from the fact that these were matrix-free
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polymer nanocomposites. In addition, no observable defects of the films were detected
from the TEM images. Small-angle neutron scattering (SANS) was used to characterize
the dispersion of silica nanoparticles in the composite. It showed the nanoparticle distance
increased (lower q1*, the first peak in SANS) with the increase of grafted polymer chain
lengths.

Figure 3.14 Aging of neat and NP composite polymer films. (A) Effect of aging time on
CO2 permeability in neat PMMA and PMMA-g-SiO2. (B) Time dependence of ethyl
acetate permeability in a PMA-g-SiO2.

Glassy polymer membranes are known to experience an aging effect, which resultes in
the change of membrane performance.20,51 The permeability of CO2 in neat PMMA
polymer decreased 25% in 10 weeks (Figure 3.14A). To the contrary, the PMMA-g-SiO2
with 62kDa and 0.44 ch/nm2 showed no measurable changes in permeability of CO2 up to
60 days. This indicated the aging effect of glassy polymers can be lowered by chemically
bonding the polymer chains to nanoparticles. Figure 3.14B showed there was almost no
aging effect on PMA-g-SiO2 with acetyl acetate for up to 1 year.
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3.5 Conclusion
We have developed the well-controlled synthesis of poly(methyl acrylate) grafted silica
nanoparticles (PMA-g-SiO2) by surface-initiated reversible addition fragmentation chaintransfer polymerization. Different RAFT agents, 4-cyanopentanoic acid dithiobenzoate
(CPDB) and 2-(dodecylthiocarbonothioylthio)propanoic acid (DoPAT), and solvent
effects were investigated for the polymerization. The PMA-g-SiO2 was successfully
synthesized with DoPAT-SiO2 in DMF solvent. The kinetic study suggested an inhibition
time 2.5-4 hours in different conditions. An effective and timesaving strategy was
developed to separate the ungrafted PMA polymer from PMA-g-SiO2. By using a
combination of THF and methanol, the removal efficiency of ungrafted PMA was the same
as multiple ultracentifugations, which afforded a possible strategy for scale up for practical
applications. Ultrasonication effects on the PMA-g-SiO2 were also investigated. The
membrane formed by matrix free PMA-g-SiO2 and PMMA-g-SiO2 showed an
enhancement of the permeability in CO2 while the selectivity of CO2 over CH4 had minor
changes when compared to the neat polymers. This is contrary to the traditional composite
theory. The most permeable membrane of PMA-g-SiO2 had an increase over 800% in
permeability while the selectivity decreased about 35%. The permeability of polymer
grafted silica nanoparticles can also be tuned by polymer chain length, which showed a
“volcano plot” in the permeability relative to neat polymer versus PMA molecular weight.
The free volume measured by PALS exhibited a similar volcano shape versus PMA Mn,
which strongly suggested the permeability was related to the free volume. TEM images
showed the PMA-g-SiO2 had no agglomeration of nanoparticles and SANS showed
increased nanoparticle distance with longer grafted PMA chain length. The grafted PMMA
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and PMA silica nanoparticles exhibited no aging effects. This provided an advantageous
strategy for designing new industrial membranes with long life times. The membranes from
polymer grafted nanoparticles exhibited significantly enhanced performance over neat
polymers, which motivated us to design other glassy polymer grafted nanoparticle systems
with potentially even better separation properties.
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CHAPTER 4

A VERSATILE APPROACH TO DIFFERENT COLORED PHOTONIC FILMS
GENERATED FROM BLOCK COPOLYMERS AND THEIR CONVERSION INTO
POLYMER-GRAFTED NANOPLATELETS*

*This chapter was reproduced and adapted from Huang et al. J. Mater. Chem. C, 2017, 5,
9873.

100

4.1 Abstract

One-dimensional photonic crystals can be formed by self-assembly of block
copolymers. However, such materials are still difficult to make due to the synthetic
challenge of making high molecular weight block copolymers and the slow self-assembly
characteristics of these block copolymers to form high domain spacings (d >150 nm).
Herein we report a new strategy to construct two different photonic crystals with different
solvent responses and reflecting colors from the films of a single block copolymer. Initially,
films

made

from

poly(3-(triethoxysilyl)propyl

methacrylate)-block-poly(stearyl

methacrylate) with moderate molecular weight (PTEPM666-b-PSMA553 film) were
responsive to alcohol with an observed stop band change from 365 nm (dry film) to 458
nm (film in ethanol), displaying a blue color. After conversion of the PTEPM domain to
form SiO2 nanoplatelets, the PSMA553-g-SiO2 nanoplatelet film showed a larger stop band
change from 365 nm (dry film) to 591 nm (film in THF), which reflected a bright orange
color.

4.2 Introduction
Block copolymers (BCPs) can self-assemble into well-ordered microstructures
by tuning the molecular weight and copolymer composition. 1 Self-assembly of
BCPs into lamellar, hexagonally packed cylinders, and double gyroid morphologies
have been used as a platform to form photonic crystals.2-6 Different photonic crystals
have been fabricated to respond to stimuli including solvents7-10, ions11, electric
fields12-14, pH15, heat16,17, ionic liquids18, etc. Responsive photonic crystals have a
wide array of applications in display devices, sensing and bio-sensing.19 Creating
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photonic crystals formed by one-dimensional self-assembly necessitates the use of
ultrahigh molecular weight of BCPs (Mn>500 kDa), which can form ordered
microstructures with high inter-domain (d) spacing. However, self-assembly of high
molecular weight BCPs usually requires long annealing times to reach
thermodynamic equilibrium, which is due to slow reptation of highly entangled
polymer chains. In addition, the synthesis of ultrahigh molecular weight BCPs is
still challenging. Anionic polymerization is the most common polymerization
method used to synthesize ultrahigh molecular weight BCPs for photonic
crystals.7,12,20,21 Grubbs et al. reported the synthesis of brush BCPs by ring-opening
metathesis polymerization (ROMP), which could lead to rapid self-assembly to form
one dimensional photonic crystals.22-25 Rzayev et al. recently reported the use of a
combination of Cu-mediated reversible-deactivation radical polymerization (RDRP)
and reversible addition-fragmentation chain transfer (RAFT) polymerization to
synthesize ultrahigh molecular weight (Mn=800 - 1600 kDa) BCPs, which selfassembled into an ordered morphology with large d-spacing to form photonic
nanomaterials.26 Thomas et al. reported a hydrophobic-hydrophilic BCP with
modest molecular weight, which self-assembled into a one-dimensional lamellar
morphology to construct chemically tunable photonic crystal gels with broad
wavelength range. 27
The properties of one dimensional polymeric photonic crystals are related to the
domain size and refractive index contrast between the two domains.28 Low
molecular weight homo-polymers can be co-assembled with BCPs to increase the
volume of one domain which could in turn tune the stop band of the photonic
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crystals.21 However, the amount of added homo-polymer must be carefully selected
so that the volume fraction of that domain does not change too significantly, or a
change in the morphology of the ordered system may be induced. Inorganic
nanoparticles (NPs) can be selectively blended into one domain to increase the
refractive index contrast.29-32 Kang et al. reported a full color stop band photonic
crystal formed by block polymer PS-b-P2VP/silica hybrid. The block copolymer
self-assembled into a lamellar morphology and tetraethoxysilane (TEOS) was
blended into the P2VP domain in methanol to form SiO2 by gelation of TEOS. This
film showed full color stop bands by aging at different time intervals. 33
Herein we have designed a facile way to construct two different kinds of
photonic crystals with different solvent responses and reflected colors using the
same batch of synthesized block copolymer. The films had different responses to
solvents before and after conversion of one domain to SiO2 nanoplatelets, which
resulted in different reflecting colors (Scheme 4.1). The BCP, poly(3(triethoxysilyl)propyl

methacrylate)666-block-poly(stearyl

methacrylate)553

(PTEPM666-b-PSMA553), self-assembled into a lamellar structure. The PTEPM block
contained silane groups which could be converted upon exposure to HCl to form
inorganic SiO2 platelets.34,35 The d-spacing of the BCP film and polymer grafted
nanoplatelet film can be tuned by immersion in selective solvents, ethanol and THF
respectively. This system can form photonic crystals with different stop bands in
visible light.
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Scheme 4.1 Schematic of tunable photonic crystals formed by PTEPM-b-PSMA
self-assembly
4.3 Experimental
Materials.
All chemicals were obtained from either Fisher or Acros and used as received
unless otherwise specified. 3-(Trimethoxysilyl)propyl methacrylate (98%)

was

purchased from Sigma-Aldrich. 2-(2-Cyanopropyl)dithiobenzoate (CPDB) was
purchased from Strem Co. Ltd. Stearyl methacrylate (SMA, >95%, TCI) was
purified

by

passing

through

an

activated

basic

alumina

column.

Azobisisobutyronitrile (AIBN) was recrystallized from ethanol twice before use.
Instrumentation.
1

H NMR (Bruker Avance III-HD 300 MHz and 400MHz) were conducted using

CDCl3 as solvent. Molecular weights (Mn) and dispersities (Ð) were determined
using a gel permeation chromatograph (GPC) equipped with a Varian 290-LC pump,
a Varian 390-LC refractive index detector, and three Styragel columns( HR1, HR3
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and HR4, molecular weight range of 100-5000, 500-30000, and 5000-500000,
respectively). THF was used as eluent for GPC at 30℃ and a flow rate of 1.0
mL/min. GPC was calibrated with polystryrene (PS) standards obtained from
Polymer Laboratories. UV-vis transmission spectra were measured on Shimadzu
UV-2450. FT-IR spectra were measured on PerkinElmer Spectrum 100
spectrometer. Thermogravimetric analysis (TGA) measurements were carried out
on a TA Q5000 thermogravimetric analyzer (TA Instruments). The samples were
preheated to 150°C and kept at this temperature for 10 min to remove residual
solvents. After cooling to 40°C, the samples were heated to 800 °C with a heating
rate 10 °C/min in nitrogen atmosphere. Differential scanning calorimetry (DSC)
measurements were conducted using a TA Q2000 DSC (TA Instruments) under
nitrogen atmosphere at a heating rate 10 °C/min from -80 °C to 80 °C. Extremesmall angle X-ray scattering (ESAXS) experiments were conducted using a
SAXSLab Ganesha instrument at the South Carolina SAXS Collaborative. A
Xenocs GeniX3D microfocus source was used with a Cu target to generate a
monochromic beam with a 0.154 nm wavelength. The instrument was calibrated
using National Institute of Standard and Technology (NIST) reference material 640c
silicon powder with the peak position at total scattering angle of 2θ of 28.44˚. A
Pilatus 300 K detector (Dectris) was used to collect the two-dimensional (2D)
scattering pattern. The 2D images were azimuthally integrated to yield the scattering
vector and intensity. All ESAXS experiments were conducted for 1 hour with an Xray flux of 1.8 M photons/s incident up on the sample with a sample-to-detector
distance of 1502 mm. Scanning electron microscopy (SEM) images of films were
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observed with a Zeiss Ultraplus thermal field emission SEM using an acceleration
voltage of 6 kV. Samples were prepared by freezing the film in liquid nitrogen and
fracturing films. The cross sections were taken for SEM imaging. The transmission
electron microscopy (TEM) was performed on a Hitachi H8000 TEM at an
accelerating voltage of 200 KV. Samples were prepared by stirring the film in THF
for one week and the supernatant was dropped onto a copper grid. All the
photographs were taken on a black background.
Synthesis of PSMA-b-PTEPM block copolymer.
The synthesis of PTEPM-b-PSMA block copolymer is illustrated in Scheme 4.2.

Scheme 4.2 Synthesis of PTEPM-b-PSMA

Synthesis of PTEPM.
3-(Triethoxysilyl) propyl methacrylate (TEPM) was synthesized from 3(trimethoxysilyl)propyl methacrylate with ethanol.36 A general polymerization
procedure

is

described

here:

TEPM

(12.0

g,

0.041

mol),

2-(2-

cyanopropyl)dithiobenzoate (CPDB) (4.57 mg, 0.021 mmol) and 0.041mL AIBN in
DMF solution (0.1 M) were transferred into a 50mL Schlenk tube. The mixture was
degassed by three freeze- pump- thaw cycles, backfilled with nitrogen, and then
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placed in an oil bath at 60 °C. The polymerization solution was stopped by
submerging the tube in ice after 17 hours. A 50 µL solution was taken for 1H NMR
analysis to calculate the monomer conversion.34 The polymer was precipitated in
methanol/water mixture (1:1) and recovered by centrifugation. The purification was
repeated for another three times. The PTEPM polymer was dried in vacuum
overnight. The resulting polymer was analyzed by GPC to get Mn=124400 with
dispersity Ð=1.15.
Synthesis of PTEPM-b-PSMA.
PTEPM (0.84 g, 0.0043 mmol) and stearyl methacrylate (SMA) (2.93 g, 0.0087
mol) were dissolved in 7mL THF. AIBN in THF solution (43 µL, 0.01 M) was added
into the solution. The mixture was transferred into a Schlenk flask and degassed by
three freeze- pump- thaw cycles, backfilled with nitrogen, and then placed in an oil
bath at 65 °C for 18 h. The polymerization solution was quenched in ice. The
polymer was precipitated in methanol and recovered by centrifugation. The polymer
was washed with methanol until there was no SMA monomer, which was
characterized by 1H NMR. The resulting block copolymer was measured with GPC
to get Mn=237400 with Ð=1.37.
Film preparation.
A solution of PTEPM-b-PSMA in THF (~40 mg/mL) was poured into a petri
dish and evaporated at room temperature over 24 hours. The resulting film was dried
in vacuum oven at R.T. overnight to remove the residual solvent. The cast film was
annealed in 60 ℃ in a vacuum oven for 12 hours and cooled slowly to room
temperature with thickness ca. 0.2 mm.
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Conversion of the BCP film into grafted nanoplatelets.
A PTEPM-b-PSMA film was placed in an HCl atmosphere for 12 hours. After
that, the film was placed in 60 ℃ vacuum oven for another 12 hours to complete the
conversion.
4.4 Results and Discussion
We synthesized a modest molecular weight block copolymer, PTEPM 666-bPSMA553, by RAFT polymerization (Scheme 4.2). The composition of the BCP and
molecular weight were characterized by 1H NMR (Figure 4.1, 4.2) and gel
permeation chromatography (GPC) (Mn (PTEPM666) =124400, Ð=1.15; Mn
(PTEPM666-b-PSMA553) =237400, Ð=1.37) (Figure 4.3).

Figure 4.1 1H NMR (CDCl3, 300MHz) of PTEPM666 polymer solution
The monomer conversion p was calculated by:

p=

𝐼(𝑏+𝑏 ′ )−𝐼(𝑎)
𝐼(𝑏+𝑏′ )

, I is the integration of peak
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Figure 4.2 1H NMR (CDCl3, 300M) of PTEPM666-b-PTEPM553 block copolymer
The ratio of degree of polymerization (DP) of TEPM (m) and DP of SMA (n) can be
calculated by:

𝑚
𝑛

𝐼(𝑎)

= 𝐼(𝑏,𝑐,𝑑)−4𝐼(𝑎) , I is the integration of peak

Figure 4.3 GPC curves of PTEPM666 and PTEPM666-b-PSMA553
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The BCP was dissolved in THF and drop-cast to form a film. After annealing at
60°C for 12h, the film was exposed to an HCl atmosphere to convert the PTEPM
domain to PSMA553-graft-silica (PSMA553-g-SiO2) nanoplatelets. The conversion
process was confirmed by Fourier Transform infrared spectroscopy (FT-IR) (Figure
4.4). For PTEPM666-b-PSMA553, the peaks at 1103 and 1077 cm-1 were from the SiO-C vibration as well as 1165 and 956 cm-1 were from ethoxyl group. After
conversion to form PSMA553-g-SiO2 nanoplatelets, the peaks for the ethoxy group
(1165 and 956 cm-1) disappeared and a new strong broad region appeared at 1059 to
1145 cm-1 resulting from the Si-O-Si vibration.34 Thermogravimetric analysis
(TGA) showed there was 12.6 wt% silica in the PSMA553-g-SiO2 nanoplatelet,
which also indicated successful conversion of PTEPM (Figure 4.5).

Figure 4.4 FT-IR spectra of PTEPM666-b-PSMA553 and PSMA553-g-SiO2
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Figure 4.5 TGA of PSMA553-g-SiO2

Figure 4.6 Photographs of dry films a) PTEPM666-b-PSMA553; b) PSMA553-g-SiO2.
The dotted lines area shows the placement of the films.

Figure 4.7 Transmission spectra and photographs of (a) PTEPM666-b-PSMA553 dry
film and film in EtOH; (b) PSMA553-g-SiO2 dry film and film in THF.
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Both the PTEPM666-b-PSMA553 and PSMA553-g-SiO2 film were slightly opaque
in visible light (Figure 4.6).The transmittance data is the sum of both reflectance
and absorbance. However, the contribution to this sum from absorbance is minimal
in the visible light region. In this case, the inverse transmittance closely
approximates the reflectance of the films. The dry film PTEPM666-b-PSMA553 was
colorless and showed a stop band at 365 nm in the transmission spectrum. However,
the film gradually changed to a blue color when immersed in ethanol with the stop
band shifting from 365 nm to 458 nm (Figure 4.7a).The stop band changed to 417
nm after 4 min and stabilized at 458 nm after 45 min. During this process, the stop
band shifted to longer wavelength region while the intensity had little change
(Figure 4.8a). The wavelength of reflecting light from the 1D photonic crystal was
related to the layer distance and refractive index contrast between the layers. 4 EtOH
was a good solvent for PTEPM, which caused the swelling of the PTEPM and
resulted in a larger layer distance. The blue color slowly disappeared with the
evaporation of the solvent. This process was reversible. After conversion of the
PTEPM domain, the PSMA553-g-SiO2 nanoplatelet film was colorless in visible light
with a stop band at 365 nm. However, the PSMA553-g-SiO2 film didn’t show any
color change when immersed in ethanol. This was ascribed to the unfavorable
interactions of the PSMA grafted nanoplatelets with EtOH. Interestingly, the
PSMA553-g-SiO2 nanoplatelet film had a large shift in the stop band from 365 nm to
591 nm after immersion in THF, resulting in a bright orange-colored film (Figure
4.7b). The stop band changed to 529 nm after 5 min and stabilized at 591 nm after
25 min (Figure 4.8b). During this process, the color of the film changed from
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colorless (dry film) to blue, green and finally orange (Figure 4.9). THF is a good
solvent for PSMA but not for the silica nanoplatelets. This indicated the PSMA
between the nanoplatelets gradually swelled in THF, which increased the layer
distance and resulted in reflecting different colors. The film gradually changed to a
colorless film with evaporation of THF. The orange color film was stable in THF
for more than five months.

Figure 4.8 Transmission spectra of films immersed in solvents with different time. (a)
PTEPM390-b-PSMA553 film in EtOH; (b) PSMA353-g-SiO2 film in THF.

Figure 4.9 Photography of PSMA553-g-SiO2 dry film and film in THF at different
times
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Figure 4.10 ESAXS spectra of (a) PTEPM666-b-PSMA553 dry film and film in
EtOH; (b) PSMA553-g-SiO2 dry film and film in THF. (The insets are 2D patterns)

Extreme-small angle X-ray scattering (ESAXS) was used to characterize the
micro-phase separation of PTEPM666-b-PSMA553 block copolymer and PSMA553-gSiO2 nanoplatelet films (Figure 4.10). The ESAXS spectra of PTEPM666-bPSMA553 film showed a principal scattering peak (q) at 0.0495 nm-1, which
corresponded to a d-spacing of about 127 nm (d=2π/q). Also present were the higherordered peaks 2q, 3q and 4q, which indicated well-ordered asymmetric lamellar
morphology. The d-spacing of PTEPM666-b-PSMA553 film in ethanol increased to
ca. 145 nm. The PTEPM666-b-PSMA553 film displayed a blue color after immersion
in ethanol while the dry film was colorless. This was due to the swelling of the
PTEPM in ethanol, which increased the domain thickness of PTEPM. After ethanol
evaporation, the ESAXS spectra of vacuum dried PTEPM666-b-PSMA553 film was
almost identical to the virgin dry film. This indicated the lamellar structure was
preserved after being immersed in ethanol. The ESAXS data of PSMA553-g-SiO2
also showed a highly ordered lamellar morphology (1:2:3:4:5) with d-spacing of ca.
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126 nm. The ESAXS profile of the PSMA553-g-SiO2 film in ethanol showed no
difference from the dry film (Figure 4.11). This was consistent with the absence of
any color change after the PSMA553-g-SiO2 film was immersed in ethanol. After the
PSMA553-g-SiO2 film was immersed in THF, a selective solvent for PSMA, the film
displayed a bright orange color. The ESAXS data showed a principal peak at 0.0364
nm-1 with high ordered peaks 2q, 3q and 6q. This high d-spacing (ca. 173 nm)
contributed to the reflection of an orange color.
We also found that both the PTEPM666-b-PSMA553 and PSMA553-g-SiO2
nanoplatelet films had a broader bandwidth in the solvents than the respective dry
films (Figure 4.7). The ESAXS profile showed the disappearance of higher order
scattering peaks as well as lower intensity of scattering peaks after the films were
immersed in solvents (Figure 4.10). This indicated that the solvation of films
resulted in a less ordered lamellar microstructure than the dry films. The swelling of
PTEPM domain in ethanol may cause a distortion of the lamellar structure of selfassembled PTEPM666-b-PSMA553 film in ethanol, which resulted in a less ordered
microstructure. The PSMA553-g-SiO2 nanoplatelet film was formed by the HCl
induced conversion of the PTEPM domain in the BCP into nanoplatelets. However,
not all of the PTEMP reacted with HCl to form perfect silica nanoplatelets, which
resulted in a small portion of PSMA-b-PTEPM grafted on the surface of the silica
nanoplatelets. This contributed to the slight disruption of nanoplatelet ordering after
the film was immersed in THF.

115

Figure 4.11 ESAXS of PSMA553-g-SiO2 dry film and film in ethanol.

Figure 4.12 ESAXS of PSMA750-b-PSMA473 film formed by rapid THF evaporation
before and after thermal annealing.

116

Figure 4.13 DSC PTEPM666-b-PSMA553 and PSMA553-g-SiO2
The PTEPM-b-PSMA BCP could rapidly self-assemble into well-ordered microstructure without annealing. The PTEPM750-b-PSMA473 BCP in THF solution was
drop cast to form a film with rapid THF evaporation. The ESAXS profile indicated
highly ordered lamellar structure (1:2:3:4) was formed without any thermal or
solvent vapor annealing. Moreover, the ESAXS data of PTEPM750-b-PSMA473 BCP
with thermal annealing at 60 ℃ for 12 hours was almost identical to the film without
annealing (Figure 4.12). We believe crystallization of the PSMA regions
contributed to the rapid self-assembly of the BCP. Differential scanning calorimetry
(DSC) showed the PTEPM666-b-PSMA553 and PSMA553-g-SiO2 crystallized at 17.9
°C and 17.0 °C, respectively (Figure 4.13).
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Figure 4.14 Photographs of (a) PTEPM666-b-PSMA553 film by solvent casting on a
glass slide without annealing; (b) PTEPM666-b-PSMA553 film after spraying with
EtOH; (c) WAXS data of dry films and films in different solvents.
Wide-angle X-ray scattering (WAXS) was used to characterize the
crystallization behavior of PSMA (Figure 4.14). Both the PTEPM666-b-PSMA553
and PSMA553-g-SiO2 dry films showed a sharp peak at 2θ=20.77° ascribed to the
PSMA crystallinity.37 The peaks became broader after the PTEPM666-b-PSMA553
and PSMA553-g-SiO2 films were immersed in ethanol and THF, respectively. This
indicated the crystallite size was smaller after immersion in solvents.38 After the
PTEPM666-b-PSMA553 film was immersed in ethanol, the inter-planar spacing
decreased from 4.27 Å to 4.17 Å, which was due to the slight shrinkage of the PSMA
domain in ethanol. For the PSMA553-g-SiO2 film, the inter-planar spacing increased
from 4.27 Å to 4.67 Å, which was due to the swelling of PSMA domain in THF.
The film displayed a blue color in one minute after ethanol was sprayed onto the
surface of film (Figure 4.14).
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Figure 4.15 Microscopic characterization of polymer grafted silica nanoplatelets.
(a) and (b) Cross sectional SEM of PSMA553-g-SiO2. Samples were prepared by
freezing the film in liquid nitrogen and fracturing films; (c) and (d) TEM of
PSMA553-g-SiO2. Samples were prepared by stirring the film in THF for one week
and supernatant was dropped onto a copper grid. (Scale bars are 500 nm)
Scanning electron microscopy (SEM) and transmission electron microscopy
(TEM) were used to characterize the microstructure of PSMA553-g-SiO2 film
(Figure 4.15). It was observed from the SEM images that the film formed a wellordered lamellar morphology. The distance between two silica nanoplatelets was ca.
124 nm, which was consistent with ESAXS data (d=126 nm). The TEM images
showed that there were large pieces of silica nanoplatelets (diameter of pieces were
larger than 2 µm) with several layers packing together.
The reflected color of the photonic crystals formed by in situ silica formation of
self-assembled block copolymer can be tuned by the molecular weight of the
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PTEPM-b-PSMA. A lower molecular weight block copolymer, PTEPM 390-bPSMA353 (Mn (PTEPM390) =75000, Ð=1.14; Mn (PTEPM390-b-PSMA353) =139300,
Ð=1.25), was synthesized to investigate the photonic property response to solvents
(Figure 4.16-4.18).

Figure 4.16 1H NMR (CDCl3, 400MHz) of PTEPM390 polymer solution

Figure 4.17 1H NMR (CDCl3, 400MHz) of PTEPM390-b-PTEPM353 block copolymer
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Figure 4.18 GPC curves of PTEPM390 and PTEPM390-b-PSMA353
The ESAXS profile showed PTEPM390-b-PSMA353 self-assembled into a
lamellar structure with d-spacing ca. 109 nm (Figure 4.19). The film displayed no
obvious color change after immersion into ethanol, while the transmission spectra
indicated no stop band in the visible light wavelength range. After conversion to
silica nanoplatelets, PSMA353-g-SiO2 changed from colorless (dry film) to green
(film in THF) with a stop band at 568 nm (Figure 4.20). The ESAXS profile showed
the d-spacing increased from 102 nm (dry film) to 159 nm (film in THF).

Figure 4.19 ESAXS of (a) PTEPM390-b-PSMA353 dry film and film in EtOH; (b)
PSMA353-g-SiO2 dry film and film in THF. (The inserts are 2D patterns)
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Figure 4.20 Transmission spectra and photographs of (a) PTEPM390-b-PSMA353 dry
film and film in EtOH; (b) PSMA353-g-SiO2 dry film and film in THF.

4.5 Conclusion
We have demonstrated a facile strategy to synthesize two different kinds of
photonic crystals, a block copolymer with modest molecular weight and polymer
grafted silica nanoplatelets. Although prepared from the same batch of BCP, the two
materials exhibited different solvent responses and reflecting colors. The film
formed by self-assembly of PTEPM666-b-PSMA553 reflected blue color in ethanol.
A new photonic crystal was generated by in situ conversion of the PTEPM domain
of the BCP into silica to form PSMA553-g-SiO2 nanoplatelets, which reflected an
orange color in THF. The PSMA553-g-SiO2 nanoplatelet film showed long-term
stability even in good solvents for the grafted polymer PSMA. Different molecular
weight block copolymers were investigated to construct different colors of photonic
crystals. The crystalline domain contributed to rapid self-assembly of the block
copolymer, which could be used in surface coatings for photonic applications.
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CHAPTER 5
CONCLUSION AND FUTURE WORK

126

CONCLUSION
Matrix free polymer nanocomposites were designed, synthesized, characterized, and
applied in various aspects: thermoplastic elastomers, gas separation membranes, and
photonic crystals. Reversible addition fragmentation chain transfer (RAFT) polymerization
was used to synthesize functional block copolymers and polymer grafted silica
nanoparticles.
The thermoplastic elastomers were formed by block copolymer grafted silica
nanoparticles PS-b-PBA-g-SiO2 with different chain lengths and graft densities via surface
initiated RAFT polymerization. The effects of polymer chain length and polymer graft
density on the mechanical properties were evaluated. The PS content was crucial to the
ultimate tensile stress and elastic modulus. An increase in PS content resulted in an increase
of ultimate tensile stress and elastic modulus. The longer PBA chain length resulted in a
higher strain at break. The higher polymer graft density TPEs had similar tensile strain and
stress to the lower graft density TPEs with similar block copolymer chain length. However,
the higher graft density TPEs resulted in a higher elastic modulus than low graft density
film. The highest ultimate tensile strength of PS-b-PBA-g-SiO2 (ca. 17 MPa) was higher
than the highest value of TPEs from triblock PS-b-PBA-b-PS (ca. 12 MPa) prepared by
emulsion RAFT polymerization. DMA, SAXS and TEM data revealed the higher polymer
graft density TPEs had a better microphase separation and more uniform nanoparticle
dispersion than lower graft density TPEs with similar polymer chain lengths and
composition. This versatile strategy to prepare thermoplastic elastomers by block
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copolymer grafted nanoparticles broadened the design of new TPEs. The mechanical
properties of traditional TPEs formed by ABA triblock copolymers can only be tuned by
chain length and composition of the block copolymers. In comparison, TPEs formed by
block copolymer grafted nanoparticles introduces a new parameter, polymer chain graft
density, as a new tool to enhance microphase separation, and hence to tune the mechanical
properties of TPEs.
Matrix-free polymer nanocomposites were also applied in gas separation membranes.
Polymerization conditions were developed for the controlled high molecular weight
synthesis of poly(methyl acrylate) grafted silica nanoparticles (PMA-g-SiO2) by surfaceinitiated RAFT polymerization. Different RAFT agents and solvent effects were
investigated on the RAFT polymerization. The PMA-g-SiO2 was successfully synthesized
with DoPAT-SiO2 in DMF solvent. An effective and timesaving strategy was developed to
separate the ungrafted PMA polymer from PMA-g-SiO2. Ultrasonication effects on the
PMA-g-SiO2 were also investigated for proper processing. The membrane formed by
matrix free PMA-g-SiO2 and PMMA-g-SiO2 showed an enhancement of the permeability
in CO2 while the selectivity of CO2 over CH4 had minor changes when compared to neat
polymers, which was contrary to the traditional composite theory. The most permeable
membrane of PMA-g-SiO2 had an increase over 800% in permeability while the selectivity
decreased about 35%. The permeability of polymer films showed a “volcano plot” in the
permeability relative to neat polymer versus PMA molecular weight. The free volume
measured by PALS exhibited a similar volcano shape to relative permeability versus PMA
Mn, which indicated the permeability was related to the free volume. TEM images showed
the PMA-g-SiO2 had no agglomeration of nanoparticles in the membranes. The grafted
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PMMA and PMA silica nanoparticles exhibited no aging effect, which provided an
advantageous strategy for designing new industrial membranes with long time life. The
membranes from polymer grafted nanoparticles exhibited significantly enhanced
performance than neat polymers, which motivated us to design other glassy polymer
grafted nanoparticle systems for potential better separation.
Self-assembled block copolymers with lamellar structure and in situ generated polymer
grafted silica nanoplatelets formed photonic crystals. Although prepared from the same
batch of block copolymer, the two materials exhibited different solvent responses and
reflecting colors. The film formed by self-assembly of PTEPM666-b-PSMA553 reflected
blue color in ethanol. A new photonic crystal was generated by in situ conversion of the
PTEPM domain of the block copolymer into silica to form PSMA553-g-SiO2 nanoplatelets,
which reflected an orange color in THF. The reflecting of visible lights from films in
solvents resulted from the enhanced layer distance, which were characterized by ESAXS
of dry films and films in solvents. The PSMA553-g-SiO2 nanoplatelet film showed longterm stability even in good solvents for the grafted polymer PSMA. Different molecular
weight block copolymers were investigated to construct different colors of photonic
crystals. The crystalline domain contributed to rapid self-assembly of the block copolymer,
which could be used in surface coatings for photonic applications.

FUTURE WORK
This thesis focused on the design, synthesis, characterization and applications matrix
of free polymer nanocomposites in different aspects: thermoplastic elastomers, gas
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separation films, and photonic crystals. Further work could be done with other different
functional polymer grafted nanoparticles with various properties.
Currently we have investigated the thermoplastic elastomers formed by matrix free
block copolymer PS-b-PBA grafted silica nanoparticles, which showed a higher stress at
break (ca. 17 MPa) than the thermoplastic elastomers formed by PS-b-PBA-PS triblock
copolymers (ca. 14 MPa). This grafting of block copolymers onto silica nanoparticles
enhanced the stress as compared to neat triblock copolymer. The commercially available
styrene-butadiene-styrene (SBS) thermoplastic elastomer had stress at 30MPa and 800%
strain at break. It could be interesting to synthesize poly(styrene-block-butadiene) grafted
silica nanoparticles for new thermoplastic elastomers with higher stress at break than
current SBS type thermoplastic elastomers. Another research direction could probe
methods for better alignment of silica nanoparticles in the block copolymer grafted silica
nanocomposite. We used the commercial Nissan spherical silica nanoparticles (MET-ST)
with broad size distribution (14 ± 4 nm). Even though the TEM images of high polymer
graft density showed good dispersion of nanoparticles in the block copolymer matrix, it
didn’t form perfect hexagonal morphology, which might be due to the broad size
distribution of silica nanoparticles. It would be interesting to synthesize uniform size of
nanoparticles for the investigation of mechanical properties of thermoplastic elastomers
from block copolymer grafted nanoparticles, which can dissipate the applied mechanical
force more evenly to achieve higher tensile stress and strain at break.
The matrix free polymer grafted silica nanoparticle membranes showed an
enhancement of 10-fold for CO2 permeability while still maintaining its selectivity of
CO2/CH4. Even though this enhancement was still below the Robeson upper bound, we
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can utilize this grafting technique to design and synthesize new polymer nanocomposite
membranes for better performance. This grafting technique offered a versatile strategy to
tune the free volume, resulting in an increase of gas permeability in both PMA and PMMA
grafted silica nanoparticle membranes. This provides inspiration to design grafted polymer
candidates located close to Robeson upper bound (cellulose acetates and polyimides types),
which could exceed the upper bound. Another pathway for design of better gas separation
membranes is to graft chemical functional group polymers onto silica nanoparticles. CO2
is an acidic gas, which has stronger interaction with amines than CH4 or other neutral gases.
The polymers with primary and secondary amine groups could be grafted onto silica
nanoparticles for a new design of matrix free polymer nanocomposite gas separation
membranes.
Photonic crystals were formed by block copolymers and the in situ gelation of polymer
grafted silica nanoplatelets and exhibited responsiveness to different solvents. After
gelation, the polymer grafted silica nanoplatelets showed a high stop band shift from
365nm to 591nm. New architectures could be designed for faster and longer wavelength
reflection based on the polymer grafted nanoplatelets, such as polymer brushes. The
poly(stearyl methacrylate) grafted silica nanoplatelets can also be compounded with
polyethylene for gas barrier applications.

131

APPENDIX A
PERMISSION TO REPRINT

132

Chapter 2 Reproduced by permission of ACS Publications

133

Chapter 4 Reproduced by permission of The Royal Society of Chemistry

A versatile approach to different colored photonic films generated from block copolymers and
their conversion into polymer-grafted nanoplatelets
Y. Huang, Y. Zheng, J. Pribyl and B. C. Benicewicz, J. Mater. Chem. C, 2017, 5, 9873
DOI: 10.1039/C7TC02562A
http://pubs.rsc.org/en/content/articlelanding/2017/tc/c7tc02562a#!divAbstract
contracts-copyright@rsc.org
Dear Yucheng Huang,
The Royal Society of Chemistry (RSC) hereby grants permission for the use of your
paper(s) specified below in the printed and microfilm version of your thesis. You may
also make available the PDF version of your paper(s) that the RSC sent to the
corresponding author(s) of your paper(s) upon publication of the paper(s) in the following
ways: in your thesis via any website that your university may have for the deposition of
theses, via your university’s Intranet or via your own personal website. We are however
unable to grant you permission to include the PDF version of the paper(s) on its own in
your institutional repository. The Royal Society of Chemistry is a signatory to the STM
Guidelines on Permissions (available on request).
Please note that if the material specified below or any part of it appears with credit or
acknowledgement to a third party then you must also secure permission from that third
party before reproducing that material.
Please ensure that the thesis states the following:
Reproduced by permission of The Royal Society of Chemistry and include a link to the
paper on the Royal Society of Chemistry’s website.
Please ensure that your co-authors are aware that you are including the paper in your
thesis.
Best wishes,
Chloe Szebrat
Contracts and Copyright Executive
Royal Society of Chemistry
Thomas Graham House
Science Park, Milton Road
Cambridge, CB4 0WF, UK
Tel: +44 (0) 1223 438329
www.rsc.org
134

